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I&TRODUCTIC)N 
The OFO-A mission was prepared as a p a r t  of a 
s p e c i a l  program of v e s t i b u l a r  physiology with t h e  purpose of 
studyiiig i n  which way the lac!: of tke g r a v i t y  p u l l  will. a € f e c t  
t h e  func t ioning  of tha t  p a r t  of the l a b y r i n t h  which con t ro l s  
bal ance by measuring t h e  g r a v i t a t i o n a l  components corresponding 
t o  t h e  d i f f e r e n t  head p o s i t i o n s ,  namely, the g r a v i t y  s e n s i t i v e  
o r  pos i t i on ing  r ecep to r s .  I t  i s  q u i t e  ev ident  tha t  i n  
weight lessness  t h e  g r a v i t y  s e n s i t i v e  r ecep to r s  will be deprived 
of t h e i r  primary input .  HOwever, two p o i n t s  have t o  be 
emphasized. 
1 .  T h e  s t imulus  dep r iva t i cn  docs not  correspond 
to t h e  d e s t r u c t i o n  of t h e  orcan.  I n  f a c t  21-1 t b  i n n e r  e a r  
r ecep to r s  I acous t i c  o r  v e s t i b u l a r  I show a spontaneous a c t i v i t y  
even when the  inpu t  t o  t h e  r ecep to r  i s  equal  t o  zero.  T h i s  i s  
a w e l l  known fact  i n  physiology t h a t  does no t  r e q u i r e  any 
demonstration a s  showR by t h e  fol lowing s ta tement  contained i n  
an a r t ic le  by Engstrom ( 7 )  t h a t  was presented i n  t h e  Fourth 
Symposilxm on t h e  Role of t h e  Ves t ibu lar  Organs i n  Space 
Explorat ion.  “ I n  t h e  v e s t i b u l a r  nerve even a t  rest, t h e  nerve 
f ibers have a low frequency a c t i v i t y  with a r a t h e r  s teady  
f i r i n g  rate. The s t imulus  a c t i n g  on t h e  v e s t i b u l a r  sensory 
regions thus i n  r e a l i t y  modif ies  t h e  d ischarge  and t h e  frequency 
change fo l lows  t h e  d i s t i n c t i v e  p a t t e r n s  as descr ibed by many 
.e&. 
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others and reported to this group a fev years ago by Lowenstein." 
It is important to insist on this point because even well-known 
physiologists make the wrong assumption that the lack of an 
input, identified as deafferention of the vestibular organ, 
provokes a complete stopping of all the activity of the 
receptors. 
2. Every movement of the head corresponds to some 
kind of acceleration and, therefore, stimulates the positioning 
receptors provided that the acceleration vector lies within the 
receptor field of the unit. 
It can, therefore, be assumed that i? weightlessness 
the spontaneous firing of the gravity sensitive receptors is 
maintained and what is deranged is the organized pactern of the 
different stimuli of the whole of the receptors resulting on 
earth from two cor,stants: 1) the earth gravity which has a. 
fixed direction and an approximately constant value and 2 )  the 
anatomical and functional location of the positioning receptors 
in the macula. 
The importance of a possible alteration of the 
cr 
labyrinth output is not limited to a change in its primary 
function, namely, the orientation in space and balance but also 
on the control exerted on other important organs of the body 
like the muscles especially in the regulation of the tonus; the 
vegetative system, the malfunction of c:'nich promotes the motion 
and sea sickness; the cardiovascular system; the eye movements, etc. 
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Moreover, the positioning receptors of the labyrinth 
are in an unique condition in regard to the other sense organs: 
they alone, during the entire development of the vestibular 
organ throughout the species starting 400 million years ago in 
the lamprey, and in each individual when the apparatus is 
formed in the fetus, are constantly subjected to earth's 
gravitational field. Therefore, if we consider the organ as a 
whole, its development takes place under a constant stimulation. 
This situation could only change very briefly during jumps, 
free fall and, recently, during parabolic jet planeflight. It 
has to be emphasized that there is no way to eliminate the effect 
of the earth gravitational field and therefore the stimulation 
on earth; even submersion in water doesn't affect the pull on 
the otolith system. Space fliqht only introduced a completely 
new environmental condition in the fact that it subjected humans, 
animals and plants to an extended period of lack of gravity or 
better lack of the effect of gravity. 
It is, therefore, self-evident that a program of 
investigation of the vestibular physiology in condition of 
extended weightlessness is of paramount importance no+&only 
for acquiring practical knowledge on the effect of weightleu csness 
during the space missions but to understand the basic mechanism 
of this sense organ and perhaps other sense organs in general. 
It will in effect provide essential information on the coupling 
function across the vestibular receptors starting from zero 
1-3 
input and moreover on the adjustment of the end organs to an 
extended basic change in the majn variable operating on the 
input. In fact it could be said that in general a complete 
reappraisal of vestibular physiology per se is necessary at the 
present time. In this respect I would like to quote from a 
personal communication of Dr. Lowcnstein, one of the leading 
physiologists working on the vestibular apparatus. ' I . . .  the 
treatment of the subject {the function of the otolith apparatus) 
in many standard medical textbooks dates from before the event 
of electrical, physiological and finally ultra structure work 
and cannot possibly be made the basis for up-to-date theorizing. 
In fact vestibular physiology at the presenf time is in lively 
turmoil and the basis of established fact is indeed very small. 
Modern system analysis (cybernetics) and the making of 
mathencitisal x&ols of the interaerinn of tire vestib~1ar er.2 
organs among themselves and with other postural control systems 
is in urgent need of new reliable physiological information 
with respect to both the functioning of the semicircular canals 
and otolith organs. Transfer functions contain a number of 
very "black boxes" and rigorously quantitative PFsrk on open 
and closed loop vestibular systems is urgently needed if we are 
to assess the theoretical implication of a vestibular organ 
under the condition arising from man's active deployment in 
weightlessness space." 
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In preparincj the experiment the following base lines 
were followed: 1)  to investigate a closed loop vestibular 
system, namely, to work on the intact animal, 2) to record 
directly from the single primary neurons and 3)  to protect the 
animal. by imnersion in water - this, in fact, has been shown 
to be very effective against high acceleration ( 2 5 ) .  
Investigating a closed loop system has the advantage 
to obtain information in fully physiological conditions, 
namely, with all the related systems working (see Section 4 for 
further discussion on this subject). The recording from primary 
neurons would facilitate the study of the coupling function 
across the vestibule as it will monitor the output directly. 
Recording from single units will allow a good quantitative 
evaluation of the input-ouipclt relationship. Maintaining t h e  
animal under water, besides providing a goori cushioning effect 
against acceleration, wiil also assure a more constant 
environmental condition both as far as temperature control is 
concerned and for the metabolic exchanges. This condition, 
however, requires the use of either an aquatic animal. or an 
amphibian and the problems exist as how the data-hus obtained 
can be extended to mammals. This also will be discussed in 
detail in Sections 3 and 4 .  
1-5 
& 
SECTION 2 
SUMMARY 
The main purpose of the OFO-A orbital mission was to 
study the long range effect, on the gravity sensors of the 
inner ear, of a state of weightlessness extended for several 
days. The sensors were subjected to a maximum q during 
the flight and periodically to up to 0.6 g of stimulations by 
means of a centrifuge. The basic stimulus deprivation does 
not correspond to the destruction of the organ as spontaneous . 
I activity remains; moreover every movement of the- head is bound 
to stimulate the vestibular organ according to the corresponding 
acceleration. The basic knowledge of the single gravity 
sensitive reseptx of the bullfrsg in a ciosed Igop systcm, 
resulting from the work performed in the field by several 
authors, has besn completed by extensive research work lasting 
se-~eral years, based on prolonged recording of single unit 
activity for up to 1 7  days, Using the new technique of neutral 
buoyancy microelectordes, developed on purpose for tWEp experi- 
ment. Nothing comparable could be found in the bibliographical 
data. Equally new has been the investigation on bullfrog 
biology while permanently submerged: within given limits of 
physiological temperatures, it was found that the metabolism 
and general behavior of the frog organisrn w a s  similar to the 
one in air, at steady st.ate, if the PO2 of the environmental 
water was kept above 650 nun Hg. No indication of toxicity was 
found at this PO2 level. 
# 
I 
i 
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The preparation of the instrumented bullfrog specimen 
for the flight was organized in such a way as to meet the 
requirements of the orbital flight, namely readiness at the 
appropriate time and reasonable certainty that the bullfrog 
preparation would be able to last irz working conditions during 
the flight. Indices of the frog physiological responses had 
been devised for the purposel and possible failures analyzed. 
The main difficulty during lift off was presumed to be the 
high g level during the rocket engine thrust and vibration, as 
these mechanical factors might have displaced the microelectrodes; 
appropriate qualification tests had been successfully performed. 
The fact that recording was possible even during the firing of 
the rocket engines proved the success of the thchnique of the 
neutral buoyancy microelectrodes and the importance of the 
multiple vibration tests perfcrmed. 
The results were based on a cornplete data rz6uztion 
of three vestibular units and identification cf two rncre,through 
an IBM 1800 computer and special computer programs. 
* The results are as follows. 
1. The frogs appeared in good health during the 
entire flight, as shown by the EKG parameters. - .  
2. The vestibular units have been identifies on the 
ground, on the pad and through lift off. According to the shape 
and the minimun; interval the results proved quite satisfactorily 
that recording of the same units was maintained in all conditions. 
2-2 
3 .  Control experimentation on the two malfunctions 
during the flight, namely, an increased pressure in the canister 
to 4 4  psi and a decrease of temperature for nine hours to 55 F. 
(accepted lowest level 6OoF.) proved that those events did not 
alter the basic results and when necessary allowed data 
correction to be made. 
0 
4.  The data have been classified for the analysis 
in two classes, static and dynmic response. 
The main changes observed were: 
a) An alteration of the firing rate at rest, first 
decreasing and then increasing with a period of approrirnately 
24 hours. A similar decrease of the firing rate was observed 
d u r i ~ g  prolonged coasting (approximately 15 minutes) immediately 
&tar the burning off of the third stacje and before ignition 
of the fourth. 
b) A very minor change in the firing rate during 
the second half of the centrifuge spin at constant speed. 
c) The dynamic response showed an overshoot during 
the positive transient (centrifuge increasing its speed) and 
an undershoot during the negative change (centrifuge speed 
decreasing). These responses also showed variation with an 
approximate 24 hour period. 
wm 
d) The response to the centrifuge cycle showed a 
marked increase of the phasic against the chronic phase between 
the 72nd and 92nd hour of the flight. 
. 2-3 
e) All the observed changes reverted to normal in 
the last 10-20 hours of the flight. 
The profound changes in the output of the vestibular 
units could not fail to exert a deep impact on related systems 
both in the vestibule itself and in various ?arts of the body. 
The overall decreasing firing rate at rest and the increase in 
sensitivity of the unit might explain space sickness through the 
connection with the vagus and the control of muscle tonus. 
The capability of adjusting to a specific environment 
change at single unit level seems to be the most important 
result of this experiment: a different fynctional set up is 
then achieved by the organ and a further adjustment might be 
needed upon the return to 1 g. 
The process of normaiization might be humoral in 
essence, and similar to training or learning. 
The discussion of the functional and anatomical 
characteristics cf the single vestibular units of the bullfrog 
and of mamiials seem to indicate that the conclusions reached 
on.the effect of weightlessness on amphibians may apply to 
mammals too. 
Bs, 
The possibility durinq the flight to record from 
single nerve fibers the pulse activity for several days 
throughout the impact of lift off, using a telemetry link seems 
to propose an entirely fiew field of applications both on basic 
research work on all the substrates the activity of which is 
2-4 
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I 
accompanied by action potentials, at single unit level, and on 
future application on space flight specifically. 
For the first time it will be possible to skudy the 
electrical pulse activity of several systems as a function of 
of time cycles, multiple of 24 hours, in a controlled environment, 
after complete recovery from surgical routines, and at a 
distance with no link with the animal. 
A new experiment is suggested as necessary in order 
to better study the adaptability curves of the vestibular 
receptors and the adjustment to reentry to 1 g field after 
weightlessness. 
c 
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SECTION 3 
THE LATEST RESULTS IN THE FIELD OF VESTIBULAR 
PHYSIOLOGY (LIMITED TO PRIMARY NEURONS) 
Most of the references on the positioning receptors 
of the inner ear up to 1969 are discussed in the enclosed 
reprints, The Gravity Sensing Mechanism of the Inner Ear (€3) (11 )  
and Analysis of Single Vestibular Responses (Cf  ( 1 0 ) .  Since 1969 
a number of additional results have been obtainer! both in cats 
and in the frog. However, in most cases recording from single 
primary neurons has not been performed in a real closed loop 
system or in a trilly physiological condition, namely, in 
unanesthetized intact animals. Moreover, all the,recording 
performed so far was made acutely limiting the recording 
time to ainutes. For information in truly chronic recording 
lasting several days, see Section 4 .  
The most recent and complete paper on the gravity 
sensitive receptors is the one performed in the adult cat under 
deep pentobarbital sodium anesthesia by J. Vidal ( 3 6 )  and co- 
workers. This work will be discussed in soiiie detail as it 
seems to provide a good comparison with the results obtained in 
the frog and described in the next Section. The fact has to be 
mentioned, however, that half of the cerebellum has been 
removed in such experiments which, of course, might impair 
some of the servo mechanisms of the closed loop system. 
3- 1 
Another limitation was that the maximum tilt was 
limited to I O o  in the static experiment and 5O in the dynamic 
experiments on each side with frequency ranging between .01 
to . 50  cycles per second with most recording confined to 
frequency below - 1 .  The gravity sensitive receptors were 
taken as the one responding to ,onsifton changes that were 
a insensitive to sound and with firinqrate showing different 
values wheh the head was maintained at different positions. 
The following results were obtained. The steady state discharge 
of 80% of the cel ls  had relatively small coefficients of 
variation, narrow histograms and periodic autocorrelograms. 
The other 208 had large coefficients of variation, nearly 
exponential histograms and flat or weakly periodic autocorrelograms. 
. .  
The s k t i c  kcleticr! between headtposition and 
discharge showed that each cell had directional sensitivity. 
Many cells showed multivaluedness, that is, the interval mean 
and other statistics from different stations at any given 
position covered a range greater than that at each station. 
These characteristics varied from cell to cell. In addition to 
a tonic part, responses showed a phasic component with tha 
characteristics of a unidirectional rate sensitivity that 
determined a phase-lead of the response with respect to the 
stimulus. 
components varied from cell to cell. As it will be shown in 
&. 
The relative proportions of tonib and phasic 
.M 
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the next Section the same results were obtained during similar 
investigation in the frog. 
Another recent paper deals with recording from frog 
vestibular fibers during physiological excitation- This 
preparation was not anesthetized. 
by W. Precht (29), R. Llinas and M. Clarke only deals with 
fibers coming from the semicircular canal and responses to 
horizontal angular rotation. Moreover, the animal was 
immob,ilized by D-tubalcurarine and sometimes this process 
alters the vestibular activity. As far as I know there are 
no other recorclings from single vestibular fibers in the 
frog in a closed loop system and also in this case the 
recording was only limited to some minutes. 
Unluckily the publication 
The important element in this paper is that the 
responses are "in complete agreement with the results 
obtained by Lowenstein and Sand in elasmobranch an6 
Gernandt in the cat vestibular nerve." 
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SECTION 4 
PRELIMINARY WORKS 
4 . 1  THE GENERAL PHYSIOLOGY OF THE BULLFROG UNDER WATER 
During the preparation of the OFO-A mission, one of 
the first problems that had to be solved was to determine the 
capability of the frog to maintain a physiological steady state 
condition underwater. The frog is an amphibian cold-blooded 
animal, temperature dependent and it is therefore supposed to 
be able to survive both in the air and in a water environment. 
However, the 
particular species of which the bullfrog is not one. In the 
bullfrog the respiration can be divided into cutaneous and 
pulmonary. This is not particuiar o f  the frog as it can be 
said that all higher vertebra have an exchange of gas between 
the blood an6 the atmosphere not only through the lung but 
also through the skin as the latter is permeable to air and 
interwoven with blood vessels. In the frog, however, the 
cutaneous respiration is highly facilitated by the fact that 
the pulmonary artery divides into two branches one of which 
goes to the lungs while the other provides a blood supply for 
a great part of the skin, the mucous membrane of the mouth, 
the tympanum (which is very superficial), besides a few muscles. 
Moreover, this artery carries highly venous blood and the 
capillary network of the skin is very close and the covering 
epidermis very thin. 
Zrog doesn't have any gill system except in soze 
.Bpr 
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It was found that very few works existed in relation 
with the skin respiration in a frog submerged for a period of 
time extending to several days. A paper published by Helge 
Leivestad ( 2 0 )  in 1960 studies the underwater respiration 
metabolism and heart rate in the toad: it was found that both 
the O2 consumption and the metabolic rate is reduced to 20% of 
the resting value while breathing in air. Bradycardia was 
observed with irregularity in the heart Seat. There was no 0 
debt and a certain delay was apparent when the animal was 
reverted to air respiration. Obviously in this condition the 
animal, although in steady state, cannot be considered in a 
physiological situation. 
2 
Another paper by Serfaty (32) and Gueutal on the 
resistance of the frog during a prolonged submersion stated 
that at 14-95°C. of temperature the aniirial could SUX-" v Ave 
underwater for two to three weeks but above 2OoC. only 30-15 
days and at 26-27OC. only 48 hours. 
equivalent to 19 cubic centimeters of 0 per kilogram and 
per hour, the conclusion was that above 19OC. the frog could 
not be considered in a steady state. 
With an O2 consumption 
2 
*BI 
The most complete work on the cutaneous and pulmonary 
respiration of the frog (August Xrogh ( 1 9 ) )  dates back to 1904 
in Copenhagen. The conclusions are as follows. The skin and 
the lungs in the frog share the respiratory function, the C02 
4-2 
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being mostly eliminated through the skin while the O2 is 
absorbed through the lungs. There are differences between the 
different frogs. For instance, in the Rana esculer.ta the skin 
is a far more important respiratory organ than in the Rana 
fusca. The potential respiratory exchange through the skin, 
at least in some species, is approximately constant: all the 
year round with the exception of C 0 2  which shows a considerable 
rise during the spawning season while the respiratory exchanges 
of the lung is seasonal with a maximum during the spawning 
aeason and a minimum in winter. There is a large difference, 
however, between the gas sxchange surfaces in the lung and in 
the skin. As known the gas exchange is a function of the 
interface between the air phase and the blood phase, naxely, 
it is ~1tFrnare i .y  &pendent on the silrface af the c q i l l z r y  
network. In the frog l u ~ g  the capillary network is extremely 
tight, occupying about 2 / 3  of the respiring surface. The 
epithelium i s . a  very thin squamous epithelium, the nuclei of 
which are lying together in the capillary interstices. Therefore, 
’ 
~ the distance which the gases have to pass between the b&md in 
the capillaries and the atmosphere w i l l  be extremely short and, 
of course, in this case the interface is between air with a 
PO2 of 155 mm of mercury and the blood. 
\ 
The capillary network of the skin is much wider. 
Inmediately beneath the epidermis there is a rather tight net 
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of capillaries but it is much less extended than in the lung, 
covering only 1/3 or perhaps 1/4 of the surface of the skin. 
Furthermore, the epidermis through which the air has to pass is 
many times thicker than the epithelium of the lungs. Therefore 
both the O2 to reach the blood and the C02 to abandon the blood 
toward the surface has to pass first through a rather thick 
layer of cells with a resulting fall of tension. It is not 
known, however, now much this fall of tension is. A l s o ,  given 
the distribution of the blood in the skin, only part of the 
skin itself can be considered truly respiratory, the one 
supplied by the pulmonary arteries. Whereas the part of the 
skin which is supplied by the carotid arteries and by the 
aorta carrying arterial and therefore nearly fully oxygenated 
blood might not be able to participate in the skin respiraticn. 
However, this part of the skin is nor too large. 
L 
The author calculated that the breathing surfaces of 
the skin and the lung show a 11 .5 :8 .4  ratio. It was apparent 
from the results reported in this paper that at least on Rana 
fusca the cutaneous absorption of the 0 averages 43-66 cc 
per kilogram per hour as a maximum while the pulmonary 
absorption varies from 160 during the spawning season to 51 in 
the winter experiment. On the basis of several experirnents 
performed by cutting the nerve supply, the author concludes that 
the 0 absorption to the skin is happening through diffusion only 
and the only possible regulation, therefore, can be vasomotor. 
2 
.rrs 
2 
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This is also proven by experiments performed by 
Dolk ( 6 )  and Postma in 1926. These authors fount! out that the 
rate of diffusion of O2 was lowered at low O2 tension (down to 
8%) and this was compensated by the increase of the pulmonary 
intake of 02. .. 
Jullien (16) and others, 1958, by legating the 
pulmnary and cutaneous arteries respectively, concluded that 
the pulmonary and cutaneous respiration were of approximately 
equal importance. 
According to Bastert ( 3 ) , 1929, there is evidence 
showing that the lungs of Rana esculenta and Rana temporaria 
can act as 0 
2 
long pericds. 
stores if the animals are kept uhderwater for 
The reguiation of the O2 consufnption both through t k o  
lung end tha skiz seeins to be iue to varyin-; the nurher of open 
capillaries ander the control of the central nervous system 
(15  and 2 8 ) .  
As far as the O2 transport in the blood is concerned, 
it was demonstrated by Macela ( 2 4 )  and Seliskar that the 
affinity for O2 of 2 dilute solution of hemcqlobin%?f the frog 
Rana esculenta at 15°C. is almost the same as for human 
hemoglobin for 35OC. 
adapted for carrying out its functions at a lower temperature 
than mmmals. 
That means that the frog hemoglobin is 
4-5 
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This was confirmed also by Wolvekamp (37) who found 
.that the O2 disassociation curve of the blood was similar in 
the frog at 20°C. and in man at 38OC. 
shifting the O2 disassociation curves in Rana temporaria and 
Rana esculenta was also similar (38). 
The effect gf C02 in 
According to the fact that amphibians live in different 
temperatures and they are poikiloterm, it was found that the 
O2 affinity of the blood can be altered according to temperature. 
Kirkberger (17) found out that at 3OC. the blood was holding 
1.64% in volume of 02, at 13-15°C., 1.66% and at 25%. , 2.06%. 
But after acclimatization, the values were vePy different,’ 
namely, at 3OC., 4.27%, at lS°C., 4.41% and at 25OC., 5.1%. 
Acclimatization is also present at high temperatures. 
Irt t h e  bullfrog, F. H. McCutcheon { 2 6 )  shosued a 
curve similar to the air breathing vertabrates and the 
tadpole a rectangular hyperbola like the fetus hemoglobin in 
mammals.. 
However, an additional question has been raised by 
A. R. de Graaf ( 5 ) who worked en toads (Xenopus hevis) and 
concluded that blocking hemoglobin with C02 or finding a 
specimen in which there were no red cells, normal life was 
possible. He suggested that in amphibians the O2 content of 
the blood linked with hemoglobin might be more as a store of 
O2 than the O2 actually transported for tissue use. 
however, a matter still under investigation. 
This is, 
i 
i 
The available information on the frog respiration 
upderwater can be summarized as follows. 
I. It seems that zi frog can survive underwater for 
several weeks, provided the temperature is not raised above 
14-15OC., at a normal atmospheric PO2,  namely, 155  mm of mercury. 
2. 
is reduced to 
achieved only 
In these conditions, however, the O2 consumption 
20% of the normal value in air and survival is 
by the corresponding decrease of the metabolic 
rate and caloric production. 
3 .  The condition in No. 2 cannot, therefore, be 
considered completely satisfactory as representing a normal 
metabolism for the frog. 
4 .  The O2 transport through the skjn seems to be 
due to passive diffusion only and therefore is bound to be 
proportional to the PO2 of the environment. 
5. The thickness of the skin is such that a 
2 2 sizeable 0 gradient must exist between the environmental PO 
and the PO2 of the blood in the capillary network. 
6. Most of the &02, if not all, is eliminated through 
@- 
the skin whereas the O2 is absorbed partly from the skin (at a 
constant level through the air) and partly through the lung with 
large seasonal variation. 
7. The volume of O2 carried in the blood is a function 
of the ternperature but much less so in acclimatized animals. 
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8 .  The importance of hemoglobin as an 0 carrier is 
2 
in doubt and the physically dissolved O2 might be more important 
or even sufficient for frog survival. 
An additional point can be made, particularly for the 
bullfrog. It is obvious that the efficiency of the skin 
respiration depends on the surface/mass ratio of the animal, 
the surface being proportional to the amount of O2 provided and 
the mass to the amount of O2 consumed during the metabolic 
activity. In the bullfrog the ratio is not particularly 
favorable as with size the mass increases mors than the surface. 
As most of the 0 is consumed by the muscles during exercise, a 
partially paralized frog would need less 0 than a fully active 
one. 
2 
2 
It is obvious from what is stated above that the 
animal underwater in normal condition can survive within rather 
narrow limits of temperature. In fact raising the temperature 
the metabolic needs might increase up to exceed the maximum 
capability of the skin to provide O2 and, therefore, the frog 
incurs progressive aphyxia which would impair function and 
finally kill it. On the cold side, the frog can stand even 
freezing point but its function would become more and more 
depressed with no danger as far as survival is cancerned but 
&9- 
reaching a stage in which Ft would be near to a condition of 
suspended animation: at 4-8 C .  the firing of a nerve fiber 
practically ceases. 
0 
Even during the preparation o€ the OFO-A (then T S 4 )  
experiment for the Apollo Mission it was necessary, therefore, 
to perform an extensive study of the physiology of the frog 
underwater. As indicated previously in this Section the 
available data are more concerned with limited survival than 
studying stationary physiological conditions for several days. 
In this case as the frog is maintained in a closed loop system, 
it was necessary to establish the €o!.lowing parameters. 
I. A temperature range the upper most limit of which 
supplied and O2 consumed equal; the would st i l l  maintain the 0 
lowest limit would be the one at which the nervous activity is 
still normal. It is obvious that such a condition’is very far 
from the limit for survival. This problem is linked with the 
O2 supplied, namely, with the PO2 in the environntental water. 
2. To establish 3 reliable index for s-ssessincj the 
2 
physiological. conditions of the frog. 
During the three years preceding the A p o l l o  Mission 
a large number of frog preparations had been studied (about 100) 
using the following technique. The frog, prepared and 
implanted as for the OFO-A Mission, was submerged in w-r at 
a PO of different values at different temperatures. A s  a 
working hypothesis the EKG parameters and the otolith firing 
rate, the shape and amplitude of the action potentials have 
been taken as an index of the frog welfare. For each temperature 
a fixed three-hoar exposure at any given PO2 was established. 
2 
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In some experiments the O2 consumption of the frog was determined 
while immerged in water but free breathing through the lung as 
baseline data and then compared with the consumption of O2 when 
breathing through the skin after complete submersion in water. 
In all, therefore, three indices have been considered: 1)  the 
E% parameters, 2 )  the firing rate and the shape of the action 
potential of the vestibular nerve and 3 )  the O2 consumption; 
all three as a function of temperature and PO in the surrounding 
water. 
4 . 1  .I 
2 
THE EKG CHANGES AS A FUNCTION OF TEMPERATURE AND PO2 
The PO values in the water were c-aised step like by 2 
50 mm of mercury froin 155 (atmospheric PO2) to 720 (nearly 1 
atmosphere of 02). 
was increased from 50°F. up to 80°F. and the EKG observed. It 
was found that a critical tenperature value exists for all the 
ranges investigated. The first change that appeared in the 
ERG was an increase of the amplitude and duration of the T 
For each one of these P 0 2 ' s  the temperature 
wave IFig.1 ) .  As known the T wave corresponds to the 
repolarization period of the heart muscle. At this stage the 
frog can go on €or several hours. As soon as the temperature 
is decreased, the heart reverts to normal. With further increase 
of temperature or prolonging the exposure at the previous 
temperature, the heart beat becomes irregular and even a': this 
stage the phenomenon is reversible. With still higher temperature 
the duration of the R waves increases and its amplitude decreases. 
At this stage reversibility tends to disappear. (fig. 2 )  
rora 
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On the cold side, when the temperature decreases 
below 55OF., the heart rate decreases fastar than the normal 
change within physiological. limit and soon irregularity appears 
The amplitude of the R waves can be reduced to a 
Below 5O0F. the heart beat is barely visible. much as 1/3. 
All these phenomenons are reversible although it might 
require a very long time to go back to normal. 
4.1,,2 THE FIRING RATE AND THE SHAPE OF THE ACTION POTENTIAL 
OF THE VESTIBULAR NERVE 
The effect of temperature on firing rate is due to 
the fact that the bullfrog is a cold blooded animal and, therefore, 
all the body reactions are changed according to tlje environmental 
temperature (equal to the body temperature). The variation in 
frequency of discharqe has been studied both duriilg the 
preparation of the OFO-A experiment and in control experiments 
performed as a result of the temperature profil-, observed during 
the flight. The temperature/firing rate ratio is not a linear 
one (see Fig.3 ) .  It approaches an hyperbolic function. Of 
course, the fact that most of the units fire irregularly 
introduces a sizeable error on the data reduction. However, 
between 55 and 63OF., which is the range of the flight 
temperature, the frequency at rest increases approximately by 
one pulse per second. As expected, the curve of the frequency 
changes in the firing rate of the vestibular unit follows 
closely the one corresponding change in the heart beat (Fig. 4 ) 
- 
gw 
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although at a different overall frequency. The maximum change 
happens between 59 and 62OF. which seems to be within the 
normal temperature for the frog. Below 5g0F. the frequency 
stabilized to a low value with occasional bursts of high 
firing. On the basis of these results the data from the flight 
has been corrected: the final results, however, were not 
modified significantly. No change appears in the amplitude and 
shape of the action potentials within this temperature range. 
4 . 1 . 3  THE OXYGEN CONSUMPTION 
Within the limit in which the changes in the firing 
rate and in the EKG were kept relatively minor, the O2 
consumption oE the frog has been investigatei-as a function of 
the PO2 in the surrounding water. 
appropriate container built for the purpose and later on in 
the experimectal srat3,type of tk FOE?. 
This was made first in an 
A typical experiment was carried out as follows. A 
frog of known weight and prepared as for the flight except for 
the chronic electrodes implant was placed in the FOEP, kept at 
constant temperature, and the oxygen consumption of the animal 
carefully measured by feeding the gas circuit of FOEP from 
a small gasometer filled up with 02. The system was sensitive 
enough to measure even minimal changes in oxygen consumption and 
the pressure of the oxygen feeding pipe was maintained similar 
to the one provided by the damand valve when the package was 
intact. The environmental PO2 in the water containing the frog 
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was changed from 700 m to 500 mm of mercury in steps. 
consumption of the frog was previously determined while immerged 
ir. water but with free breathing through the lungs as a basic 
data. It was found that, as an average, a bullfrog uses from 
The O2 
160 and 180 ml of oxygen per hour per kilogram at a temperature 
of 63-72OF. when the forelimbs are paralyzed by means of the 
ordinary technique of cutting the brclnches of the lumbar and 
torathic plexuses. An equivalent consumption of oxygen was 
found at between 600 and 709 mm of mercury of PO2 in the 
environmental water at the same temperature; but below 500 
and with a sharp decrease between 550 and 500 the oxygen 
consumption was reduced to an average of 30 ml per hour per 
kilogram. In this condition the frog after a couple of hours 
shows evident distress symptoms like irregular heart beats and 
ixreasc in the  T wzve of t k c  EKG. If tk;a low oxygen pressures 
were kept for much longer the frog would die, while most of the 
time a full recovery was observed by increasing the PO to 2 
600-700 mm of mercury. In each of the four experiments 
performed the observation was kept for at least ten hours for 
each PO2 value in the environmental water and in two eases 
for 24 hours. Naturally when the critical value of 500 was 
reached, the experiment was interrupted except in one case in 
which the animal was allowed to die r'or experimental purposes. 
It is obvious, therefore, that 650-700 mm of mercury 
of PO in the environmental water are the appropriate values 2 
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for maintaining the frog in a stationary state. At this 
environmental value of PO2 the tempetature could be increased 
up to about 72OF. without producing an oxygen deficit. 
As a conclusbn, therefore, It was found that a 
partial pressure of 0 u@ to 650-700 mm of metcury is 
necessary to assure that (at a temperature between 60-65OF.) 
the firing rate of the vestibular fibers remain within normal 
limits. This introduced an additional. problem, namely, the 
possib lity of O2 toxicity. 
4 . 1 . 3 .  THE OXYGEN POISONING (40) 
2 
Although oxygen is necessary for the productioh of 
c 
energy and survival of all aerobic cells) it is also a 
universal cellular poison again$€ which Cells in the course 
of evolution developed special defense mechanisas. In fact 
the difference between the biological eEfects of 0 at .i 
atmosphere (partial pressure in air at sea level) and at 1 ,  
2, 3 or 10 atm is only a question of degree, In a dompleri 
organism as against the unicellular the tension of O2 is a 
function of the blood supply, the diffusion of O2 from the 
blood vessel to the cells, and finally the rate7f O2 uptake 
per unit weight of tissue. 
exerts its toxic effects on cells is still ari unsolved 
problem. 
The real mechanism by which O2 
One of the reasons is probably that there is more 
than one site at which 0 exerts its effect on cellular reaction. 2 
Among the possible biochemical sites of O2 toxicity are 1 )  the 
SH enzymes; 2 )  thiol-containing c poic acid, coenzyme A ,  
and GSH; 3)  flavoprotein enzyines, especially those containing 
nonheme iron in addition to SH groups; 4 )  enzymes requiring 
pyridoxal phosphate as a coenzyme and especially the glutamic 
acid decarboxylase (GAG), the enzyme responsible for the formation 
of gamma-aminobutyric acid (GABA) in the nervous system; and 
finally, 5) lipid peroxidation should be considered as a function 
of the biochemical site and 0 aggression. 
2 
There is still to be studied the relevant physiological 
functions that are being interfered with. For instance the 
typical convulsions exhibited by mammals at 3 atm’9 or above 
certainly indicate an alteration of the neuronal pathways in 
the CMS and this may be due to a disturbance of the metabolism 
2 
of glutamate and GABA. 
Other possible sites of O2 toxicity are the synapses 
in the nervous system (autonomic or centrai) and a third site 
might be the mitochondria. 
In summary the O 2  toxicity has the following 
9- characteristics. 
1. It can manifest itself in c? great variety of 
Most, if not all, cells are susceptible to O2 toxicity. ways. 
Toxic effects of 0 have been demonstrated in bacteria, plants, 
cell cultures, amphibians, aRd mammals. Impairment of highly 
specialized functions such as those performed by the lung, 
retina, or CNS can be produced by high oxygen tension. 
2 
4-1 5 
2 .  Oxygen poisoning must involve many fundamental 
biochemical reactions like the one associated with energy 
production, transport of substances across membranes, znd 
oxidation and synthesis of vitalmfieituents in the tissues. 
3 .  Oxygen toxicity is very likely associated with 
the oxidation of basic chemical groups like the SH. Also 
peroxidation of lipids might take place. 
4 .  The oxygen %osicity is not due to a typical 
level of oxygen above which the injury starts. It occurs 
in man as an interference with pulmonary function even after 
a few hours of breathing pcre oxygen at,sea Level barometric 
pressure above 1 atm. Pure oxygen produces a large number 
& 
of cellular changes long before gross alterations of functions 
becomes evident. 
2 5. Finally, the progress and severity of 0 
poisoning can be influenced by a ramber of factors. For 
instance, trace metals, chelating agents, SH compounds and 
disulfides I hormones, body temperature and diet. 
4.1.3.2 BIOLOGICAL EXAMPLE OF PROTECTION AGAINST HPO 
+=a 
There are several examples in nature in which a 
resistance is developed against KPO. One of these is the 
tissue of the swimbladder which must carry out all the normal 
cellular functions by using energy derived from 02-sensitive 
catabolic processes and is being filled up with pure oxygen, 
In deep sealfishes are subject to an extrenely high oxygen 
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pressure. 
rockfish was caught at a Septh of 200 m equivalent to 2 2  atm 
and most specimens used in the investigation contained 80-955 
For instance, during the SeaLab II experLment a 
02, 
equivalent to 3 atm. 
This last specimen in the SeaLab w a s  caught at 30-60 m, 
It can be said that the l o w  temperature in this 
case, especially for deep sea fish, protects the swimbladder 
tissue against the toxic clffects of 02. 
4 . 1 . 3 . 3  E F F E C T S ' O F  OXYGEN ON BLOOD FORI.IATION AND DESTRUCTION 
The effect of high oxygen pressure on the blood 
can only involve the O2 physically dissolved 2 s  hemoglobin is 
fully saturated at normal ambient PO2 and 90% of the available 
hemoglobin in mammals is saturated with a PO2 of 3 0 0  mm of 
mercury. 
The relationship betveen the amou'nt of gas dissolved 
in plasma and the partial pressure of the gas is a liriear 
function and it is ciescribed by,Henry's l a w  of solubility of 
gases in liquids. 
Under conditions of hyperoxia, physically dissolved 
oxygen damages the red blood cells by 1)  direct inhibition of 
the glycolytic enzymes containing active SH groups anF 2)  
formation of lipid peroxides from lipid component of the RBC 
membrane lipoproteins. F. third mechanism did produce oxidation 
of catecholanine thus damaging the RBC. 
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Experiment conducted during the Gemini project in 
which pure oxygen was used at 7 atm as in comparison with the 
ApollO project in which a partial pressure of 3 0 4  nun of mercury 
mixed with 4 5 4  mm of N2 show that breathing pure oxygen always 
produced a decrease in the circulating RBC mass. 
Other significant biochemical changes were 1) reduction 
in plasma levels of vitamins E and A; 2 )  decreased activity of 
enzymes containing active SM groups; 3) alterations in the 
transmembrane cation flux: 4 )  reduction in total RBC membrane 
lipids, particularly the phospholipid fraction and 5) abnormal 
RBC morphology. 
The conclusion is that 1 )  the &crease in physically 
dissolved 0 contributes more to the chemical toxicity of 
hyperoxia than the one that is chemically bound; 2) the r,=xicus 
ei'fect of O2 on 2i3C brir.gs about a decrease in the circulating 
RBC mass; 3 )  the addition of N2 or He nay significantly reduce 
or inhibit the deleterious effects of hyperoxia. 
2 
4 . 1 ~ 3 . 4  EFFECTS OF OXYGEN upotr THE EYE STRUCTURES 
Of the different gases used so far to form the 
environmental atmosphere only O2 has been founv to alter vision 
and produce structural changes in the eye. The effect on the 
eye can either be reversible or irreversible. 
One of the main effects is constriction of the 
retinal vessels and peripheral visual field. Between 8-10% 
of damage in the diameter of the retinal vessels have been 
found at P O  of I atm going up to 3 atm. There is a 1 9 %  2 
decrease in the diameter in the vessel as an average. However, 
the degree of vessel constriction is dependent also from the 
partial pressure of C 0 2 .  
More severe symptoms occur at an environmental 100% 
O2 at 3 atm for 4 hours or 1 atm for 40-48 hours. 
case the visual. cel ls  of the animal can be destroyed. A l s o  
detachment of the retina and fibroplasia on the cornea and 
the lens is observed after 5.5 hours of exposure to 3 atm 
and they ape irreversible. 
4.1.3.5 PULMONARY OXYGEN POISONI'NG 
Tn this 
The oxygen poisoning is particularly eyideat in 
mammals and a l l  air breathing animals affecting both the airways 
and the lung respiratory surface. The effect is related both 
v:ith partial pressure and exposure time. 
mercury did not produce any toxic effect in man even after 30 
days of Continuous exposure. Hawever) 80% oE O2 at sea level 
might produce irritation of the respiratory surfaces even after 
only 1 2  hours of exposure producing coughing, nasal congestion 
and sofe throat. After the exposure up to 2 4  hours to 100% of 
O2 even bronchial pneunonia was ob- cerved. After more than 100 
hours the pulmonary reaction has been much more severe producing 
persistent coughing, bronchial pneumonia, pleural effusion. 
Brief intermissions do not significantly deminish the toxic 
effect on the pulmonary surface. 
A P O 2  of 254 mm of 
w- 
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The pulmonary damage is much faster at 2 instead of 
1 atm of inspired PO2. 
vital capacity develops followed very rapidly by coughing and 
bronchial irritation and becomes very severe within 10  hours. 
The alteration of the pulmonary surface produced by 0 pressure 
up to 2 atm does not seem to limit the pulmonary gas exchange. 
However, if the high 0 pressure is maintained for a long period 
of time, structural changes and pulmonary edema, infusion of 
red cells into the airways, atelectasis m i g h t  develop up to 
death from hypoxia. 
First, after 6 hours a 5% seduction of 
2 
2 
The toxic effect of the O2 is definitely due to 
the local effect of the high tension of 0 In fact the first 
alteration involves the upper respiratory tracts where the 0 
concentration is higher. 
4.1.3.6 OXYGEN TOXICITY IN i<EiJRONAL ELEMENTS 
2 '  z 
2 
It is very likely that the O2 induced changek on 
the nervous system elements are due to several mechanisms but 
one of the most important seems to be the effect of O2 upon 
the metabolism of the garma-aminobutyric acid which is in 
significant amount in vertebrates in the CNS where it can act 
as a modulator or inhibitor of nerve transmission and of an 
intermediate of the oxidative metabolism. 
Qhr 
It seems that a high pressure of oxygen causes a 
significant decrease in brain GAEA in rats. There are marked 
differences between this affect according to the different 
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animal spec ie s .  I f  w e  compare t h e  rate of decrease  of GABA 
as a func t ion  of t h e  0 p r e s s w e  a l i n e a r  r e l a t i o n s h i p  between 
t h e s e  t w o  f a c t o r s  i s  observed b u t ,  more importzint, t h e  c r i t i c a l  
p ressure  caus ing  b r a i n  GABA t o  decrease  w a s  30 p s i g  ( 3  atrn abs) 
which is ,  by t h e  way, t h e  s a m e  p re s su re  known t o  produce 
s e i z u r e s  i n  animals and man. 
2 
. -  
Another f a c t o r  important  i n  in f luenc ing  0 t o x i c i t y  
2 
is t h e  amount of CO i n  t h e  brea th ing  mixture .  The presence of 2 
CO concent ra t ion  l i k e  .5 t o  1 %  shor t ens  t h e  de l ay  between t h e  
beginning of t h e  b rea th ing  and t h e  onse t  of t h e  s e i z u r e s  i n  
m i c e  whereas a h igher  va lue  l i k e  5% prevents  them and t h e  s a m e  
va lues  of C 0 2  correspondingly accelerates t h e  ra+te of decrease  
i n  b r a i n  GABA and blocks it. The mechanism of a c t i o n  of  HPO 
on t h e  nervous system is l inked  wi th  t h i s  decrease  i n  GABA i s  
f u r t h e r  proved by t h e  f a c t  t h a t  the admin i s t r a t ion  o f  GABA 
p r i o r  t o  exposure t o  h'P0 prevents  o r  de l ays  convuls ions.  
2 
The e f f e c t  of decreased GABA l e v e l s  i s  demonstrated 
a t  t h e  nerve synapses i n h i b i t i n g  or modulating nerve 
t ransmiss ion .  
A r e c e n t  ar t ic le  publ i shed  by Cymerman f 4 f and 
G o t t l i e b  i s  most p e r t i n e n t  f o r  t h e  purpose of t h i s  r e p o r t .  
These au thors  s tud ied  t h e  r e s u l t  o f  high oxygen p res su re  on 
t h e  b i o e l e c t r i c  p r o p e r t i e s  of  f r o g  sc ia t ic  nerve. They w e r e  
able t o  d i s t i n q u i s h  t h e  a f f e c t  o f  oxygen p e r  se as a g a i n s t  
mechanical p re s su re  by us ing  helium a s  a c o n t r o l  a t  t h e  s a m e  
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pressure that was used for the oxygen investigation. 
of oxygen pressure was studied up to 51 atmosphere. The main 
changes found were decrease in conduction velocity, interspike 
coupling and increases in the rheo base. They also found that 
at 13.2 atmosphere of pressure complete nerve blockage took 
place in about 4 . 5  hours at 25OC. 
temperature seems to exert a protecting effect on the oxygen 
toxicity. The lack-of hydrostatic pressure effect noted in the 
helium experiments confirm the previous findings of Tasaki (35) 
and Spyropoulos. Especially important from the point of view 
of this report is the affect on the spike amplitude and this 
seems to be a good index of the beginning 6f an oxygen toxic 
effect. 
The effect 
They.also found out that low 
The spike amplitude, therefore, has been taken as the 
main index togzther w i t h  thc EKG znd the cbservation a E  the frog 
after a long period in the FOEP of the beginning of a high O2 
pressure effect on the nervous activity and generally on the 
animal. This will be further discussed in Section 8.2 
which describes control experiments performed on the effect of 
an increase of the O2 tension which developed t?uring the OFO-A 
mission. In all the test experiments performed prior to launch, 
it was found that a partial pressure of up to 700 mm of nercury 
in the environmental water never gave any indication of 0 
toxicity. In fact in the few months before the flight, it was 
2 
found that it was convenient to maintain the frogs even in the 
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holding tank with an environmental PO pressure of the same 
values of 700 mm of mercury as used during the flight. The 
2 
frogs have been kept in 
no visible ill effect. 
that the 0 consumption 
2 
this condition for up to 20 days with 
Particularly important is the fact 
is nearly the same while breathing in 
air (PO2 equal to 1 5 5  mi of mercury) and while breathing 
through the skin (PO2 of 700 mm of mercury). 
4.1 .3 .7  C02 DISPOSAL 
As already mentioned nearly all the C02 produced is 
expelled from the body through the skin. Moreover, the skin 
of the frog is continuously shedding mucous membranes and even 
segments of epithelium. In a water environment the excretion 
of zrine also has to be taken into zccount. Feces were not a 
particular problen because it was found that the frog can stay 
with no food for up to a month without any visible impairment 
and, therefore, the production of feces is relatively minor 
after the frog has been purged qr' all the food. The C02 
problem might have been an accummul'ation of the gas as a shell 
around the frog body, therefore impairing O2 breathiog. 
shedded mucous also has to be disposed of because if it remains 
attached to the frog it will slowly impair respiration. The 
amount of urine produced by the frog required only a high 
enough volume of environmental water to be sufficiently diluted. 
The 
4?aw 
It was found that owing to the high solubility factor of C02 in 
water, the CO 
the water was still but diifused rapidly outward. 
would not accumulate around the frog even when 2 
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To eliminate the debris produced by the frogs, it was 
necessary to assure a proper flow, namely, 300 ml of water per 
minute. It was necessary, however, to filter the debris coming 
from the frog through an appropriate filtering system so that 
the water would come back into the frog chamber with no solid 
parts suspended. 
The production of C02 closely followed the O2 
consumption being in the order of 140-150 ml of CO. per 
kilogram and per hour. This was disposed of through a lung 
2 
and baralime system (see 4 . 3  on FOEP). The amount of water 
used (11 pounds) was enough to assure a sufficient dilution of 
the urine so that no relevant Ph change or high enough 
concentration of damaging eLements was observed. 
4 . 2  THE TECHNIQUE OF 2ECCtRDIl3G FR3M A SINGLE UWIT FOR SEVERAL 
DAYS IN PHYSIOLOGICAL CONDITIONS AND, AT LIFT OFF, DURING 
HIGH MECHANICAL STRESS 
The main problem of the OFO-A experiment was to 
devise a technique by which the spike train data couTd be 
recorded from a single vestibular nerve fiber 1) for a period 
of several days, 2) in the intact animal in a &siological 
condition, and 3)  during the high mechanical stress corresponding 
to the lift off. An additional problem was to have the 
preparation ready at the time of the launch with a good chance 
not to have t o  replace it. Such a technique did not exist and 
it was developed for the experiment. 
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The working hypothesis was simple, namely, a body of 
the same density as the environment will not be displaced, even 
by high acceleration, in respect to the environment itself. 
The technique has been published and a reprint is included 
(see Reprint A ) .  
.. 
Some changes have been made between the Apollo Mission 
that was cancelled and the OFO-A Mission on the Scout and they 
will be described in Section 5. The technique passed all the 
qualification tests for the Apollo but they will not be described 
in Section 5 as much more severe conditions were caused by the 
shift to the Scout and, therefore, only the testing made for the 
new situation will be described in detail. As showh in Reprint A, 
a special water-tight emitter-foll.ower preamplifier had to be 
deveI.oped for  this purpose. 
4 . 3  THE FOET (fig. 5) 
The FOEP, or Frog Orbital Experiment Package, has 
been built upon the specifications provided by the results 
described previously in this Section. It is composed o f  three 
different systems. A life supporting system divided into a 
water system and a gas system which assured to the frog a- 
water environment of the appropriate flow as indicated (300 ml 
per minute), a PO2 between 650-700 mm of mercury and a 
temperature maintained when in space within the indicated 
range of 62.5OF. f 2.5OF. 
by an O2 bottle through a demand regulator and the gas exchange 
The gas system was pure O2 supplied 
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took place through an especially built lung providing a large 
surface for the gas exchange by means of several sheets of thin 
silicon rubber. 
C02 and water vapor. 
by absorption while passing through a bed of baralime. - The 
circulation of the gas and water system was assured by two 
small pumps. The container in which the frog was placed and 
These are, as known, highly permeable to 02, 
The CO was eliminated from the gas side 
2 
through which the water circulated passing through a filter 
system covering the entire walls was the arm of a centrifuge 
that assured the appropriate g level. at the labyrinth site of 
the two frogs placed tail to tail in the centrifuge arm. This 
system provided the appropriate stimulation for-the labyrinth 
when needed (for details see Section 8). The pressure in the 
gas side and the water side was equalized through an accumulator 
system coxrsis'iina in a container with two shaz-bers divided. by a 
non-elastic collapsible partition. One side of the partition was 
in communication with the water circulation and the other with 
the gas circulation: the system was set according to the 
differential pressure between the two to the point of equilibrium. 
The temperature was controlled on the wateside 
through a thermostat and a heat exchanger that could either cool 
or warm the water, the first by evaporation in the space vacuum 
and the second by an appropriate heater. The temperature control 
was manually operated from the ground. It could not function as 
far as the cooling part is concerned in the atmosphere and that, 
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as shall be discussed i.n Section 7, was a problem. The water 
temperature and the water pressure was controlled continuously. 
The biological signal was recorded through the emitter-followers 
connected to the frog jaw (see Section 7) and amplified by the 
main amplifiers which increased the voltage level to the 
appropriate value for telemetry. The F O E P  was encased in an 
air-tight canister containing air at the pressure of 1 atm during 
the flight and on the ground. 
4 . 4  THE PHYSIOLOGY O F  THE PRIMARY NEURONS IN THE FROG AS A 
.. 
CLOSED LOOP SYSTEM 
As indicated in Section 3 ,  no data were available on 
the gravity sensitive receptors of the frog (and even of other 
animals) for a period of time anything near to the one required 
for the OFO-A Space Mission. It WBC, therefore, necessary to 
carry out B con?;?lete r,cw investigatioii recording from the 
primary neurons of the gravity sensitive vestibular receptors 
of the bullfrog for a period of at least three days (minimal 
duration of the mission). Also, as a comparison, other 
vestibular receptors had to be studied in this way. The bulk 
of the results obtained from 1963-69 in preparation of tye OFO-A 
Mission are contained in a number of publications of which the 
three most important are herewith included: The Gravity Sensing 
Mechanism of the Inner Ear (Reprint B), Analysis of SFngle 
Vestibular Responses (Reprint C), and Unidirectional Response of 
Statoreceptors to Vibration - A Mean for Artificial Gravity in 
Space Flight (Reprint D). Additional work performed especially 
- 
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in relation to the character of the Scout. Mission will be 
described in Section 5. 
The main conclusions can be summarized as follows. 
1. The vestibular gravity sensitive receptors have 
been identified as the ones showing a stationary response 
significantly different for the different positions of the head 
with or without a preceding partial adaptation. This deals with 
the accepted definition (see Section 3 ) .  
2. Most of the receptors studied showed a very 
irregular resting discharge. However, after the three papers 
were published, further work showed that some regularly firing 
units are found also in frogs very much with the same charac- 
teristics as in cats. For the irregular firing the main 
relevant parameter is considered to be the interspike hiscograms. 
3 .  Each unit responds within a certain r c c q t o r  
field. Such receptor fields never cover the full one c j  change 
of maximum sensitivity. Within the central part of the response 
the main changes seem to approach a logarithmic function of the 
stimulus although the overall response is an S-shaped curve. 
4 .  The unit responds both to static and dpaamic 
stimulation. The gravity receptors respond to vibratory 
acceleration within their receptor field. They respond to a 
maximum of frequency of vibration which approaches the 
reciprocal of the minimal interval,. The response to vibration 
differs in the three main vestibular components. The vibratory 
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receptor proper responds to vibration in a11 directions and 
the semicircular canal only responds to vibration at a very 
low frequency. 
5. The gravity receptors seem to be able to 
distinquish the vibratory stimulus from the linear one when a 
stimulation equivalent to the sum of the two is applied. 
6. After the electrode implant a certain amount of 
tir.e is necessary (up to some hours) before neariy constant 
distribution is maintained in the interspike intervals at rest 
or during constant stimulation and the resppnse becomes 
sufficiently const.ant: these constant characteristics are main- 
tained for some days till the preparation starts decaying. No 
triultivaluedness was observed in these cofiditions. 
7. A frog in stationary physiological condition would 
show a very active nerve. This seems to be in accord with the 
fact that all components of the veskibular nerve show spontaceous 
activity. When it was difficult to record activity from single 
units in the nerve, it was found that no physiological condition 
prevailed, normally due to hypoxia. In fact a good oxygenation 
restored a very lively activity throughout the nerve. 
N 
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Fig. 1.  EKG records from the instrumented frogs in the FOEP : 
effect of the discrepancy between oxygenation and temperature : 
A) steady state B) a relative hypoxia is denounced by an in - 
crease in the T wave C) tne hypoxia becomes more severe and the 
heartbeat becomes irregular : at this stage a sliqht increase 
in the R wave might take place. The situation is reversible so 
far : if further deterioration is allowed,the R wave becomes 
smaller and recovery might not be possible in some cases. 
Amplitude in the figure Time 1 division= 5 seconds 
. 
Fig. 2 .  EKG recorded as in fig. 1 : deep alterations due to se- 
vere relative hypoxia (02 deficit in relation with the enviroc- 
mental temperature) are shown. In A) : decrease in the heartbeat 
rate is followed by an inversion of the R wave. In B) a marked 
decrease of the R wave is shown at the beginning : at this sta- 
ge an increase of PO2 was applied (from 450 to 700 mmHg). Note 
the nearly immediate return to normal of the EKG. 
Gain lOO/pV per each large horizontal division. 
Time 10 sec/div (vertical). 
+., 
Fig. 3 .  Changes in the firing rate of one vestibular unit (or- 
dinate) as a function of temperature (abscissa). Values in the 
figure: each white dot.- mean frequency over 10 sec. 
A s  shown, .a non-linear relationship exists. 
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Fia. 4 .  Diagram showing the relationship between one vestibular 
unit rate of firing (ordinate on the left) at rest, the heart 
rate (ordinate on the right) and temperature (abscissa). 
Each dot is the average frequency over 10 seconds (vestibular spi- 
ke) and over 1 minute (EKG). .. 
A non-linear relationship is shown. It approaches however a linear 
ratio from 59 F upwards. 0 
Fig. 5. Schematic illustration of the different systems of the 
Bio-package (Bio-package orbital otolith experiment=FOEP) . The 
figure is self-explaining. 
* 
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SECTION 5 
PROBLEMS AND D I F F I C U L T I E S  CONNECTED WITH A SCOUT MISSION.  
PRELIMINARY WORK CONE AT MILAN PEYSIOLOGY LAB AND AT WALLOPS. 
5.1  PREPARATION OF THE OFO-A EXPERIMENT 
The surgery on the frog and the chronic electrode 
implant to be used in the OFO-A Mission are a complex operation. 
The animal thus instrumented survives a limited period of time 
only: therefore, the entire procedure has to be performed as 
soon as possible before the launch. As in all biological 
preparations, certain random factors intervene by which some 
animals die for different causes. Moreover, the frog, being an 
amphibian, has certain limitations as to the ability to endure 
environmental conditions while maintaining a normal performance 
of the nervous and sensory systems. Consequently a series of 
test studies have been periorined in the XiIan Laboratory an6 
while at Wallops prior to the iaunch in orcier tu ~ S S U P S  the 
best possible survival and normal functioning of the frog 
preparation. The purpose was: 
- 
I. 'To work out a routine, relative to the instru- 
mentation of the frog, which will assure the best conditions 
for the frog preparations to be used during the launch. 
2. To study the environmentai factors in order to 
determine the ranges within which the preparation itself has 
the best chance of maintaining healthy conditions for a 
prolonged period of time. 
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3 .  To perfect the handling of the preparation in the 
FOEP and to perform repetitive tests of the frog preparation in 
the FOEP prototype, for periods beyond the flight duration. 
This provides an index of the reliability of the experiment in 
connection with the environmental factors and the handling 
procedure. 
4 .  To obtain extensive base line data in the laboratory 
during the period ( 3 )  to be used for a) testing the related 
equipment, like telemetry, computer programs for data analysis, 
etc.; b) gathering enough information on the vestibular activity 
in 1 g conditions using the FOEP centrifuge and general 
environment, following the same routing-as during the flight: 
this allows the comparison of the activity of the vestibular 
unit at I g and at g obtained during the orbital flight; 
c) establishing the miniman 5x1s necessary fcr Setting 
sufficient base line data for the frog preparations prior to 
the launch. 
It has to be kept in mind that access to the FOEP oE 
the principal investigator has been rather limited up to the end 
of 1969,  and some four years have elapsed shce the training on 
the bio-package performed during the Apollo 205 Mission. 
5 .  To work out a schedule for the mission biological 
preparation. 
5.1 .I FROG SURGERY AND INSTRUMENTATION 
As a result of extensive experimentation on approximately 
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60 frogs, the following variation of the original procedure has 
been found to assure better results. The surgery is performed 
in three stages; a fourth stage corresponds to the chronic 
microelectrode implant. 
First Stage - Demotorization of upper and lower limbs. 
After narcosis by immersion in a 0 . 5 2  solution of 
Tricaine methane sulphonate for 20-25  minutes, all branches of 
the thoracic and lumbar plexuses are cut: then the frogs are 
placed back in the holding tank for at least four days at a 
temperature maintained between 57O and 60°F. 
of fresh water is assured. 
A constant flow 
In this way nearly all frogs survive, with only * 
occasional deaths mostly due to hemorrhage. This involves, 
however, not more than I %  of all demotorized frocjs, and 
normeliy happens within the seccjnd or third day. After the 
fourth day the animais appear in qood health and fuli recovered 
from the rather severe shock of the operation. 
Second Stage - The exposure of the vestibular nerve. 
In a second stage, after 2-3 days, the frogs were 
acJain anesthetized and the vestibular nerve exposed. The 
surgical procedure adopted to expose the vestibular nerve has 
been modified during the OFO-A flight experiment preparation 
period. 
@-a. 
The method previously used was to cut through the 
bones of the mouth roof by means of a dental drill shaped. like 
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a ring rotating around its axis. 
piece of bone 5 mm in diameter could be isolated from the 
surrounding bones down to the dura. It could then be easily 
extracted with a pair of forceps. With some practice the 
hole could be made so that it centered on the vestibular nerve 
so no other cutting of bony tissues was necessary. This method, 
however, in its simplicity had some important drawbacks. It 
was not very easy to stop exactly at the dura, and injury to 
the underlying nervous tissue on blood supply was a hazard 
(see Section 5.1.3) ;  also it was not possible to control 
hemorrhages fro= the bones during the drilling procedure. 
With this method a round 
The ring-shaped tip was then substi$uted with ball- 
shaped dental burrs of different diameter according to the 
need. 
With this method tne hole through the bone could be 
carefully drilled, hemorrhage could also be controlled and 
any damage to the underlying blood supply and nervous structure 
avoided, because both could be seen through the bones in the 
last stages of the hole drilling. The last part which is 
mostly cartilage, was removed by means of stainless steel 
forcepts (Dumond N.2). The vestibular nerve was then freed 
from the surrounding membranes with the aid of forceps (Dumond N.5). 
5 
A small amount only of cephalo-rachidian liquid is 
left in the opening to barely cover the nerves and the medulla, 
the remain'ing part being filled with 1.5-2% Agar in isotonic 
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solution: it was found that this assures a better protection 
and less swelling of the nervous tissue. 
Only one screw is secured to the bone structure with 
a flange to accept the terminal part of the microelectrode - 
output wire, protected by a lengtzh o f  polyethylene tubing. As 
no dental cement is used anymore, the second screw is aot necessary 
(see Stage Four) . 
The tongue is cut, close to its connection with the 
anterior part of the mouth (frog tongues are attached to the 
rim of the front part of the upper jaw, contrary to their position 
in mammals) to avoid it displacing the microelectrode &rich is 
no longer protected by the dental cement. 
This is the most critical.stage and about 30% of the 
frogs do not: survive. The surgery is quite demanding as it 
involves workicg ir, a close space near the medulla, one of the 
most vital areas 05 the central nervous system. Moreover, it 
is heavily supplied with blood vessels and hemorrhage is quite 
common, especially whiie freeing the nerves from the delicate 
membranes which surround them and cannot be pierced by the 
microelectrode tip. A deep narcosis, which would decrease the 
blood pressure and therefore the danger of hemorrhage cannot be 
used as blood pressure in the vestibular vascular circuit is 
quite low ani! the decrease of the general blood pressure would 
stop the circulation altogether with irreversible damage to the 
vestibular cells. These in fact cannot stand stoppage of 
circulation fo r  any extended period of time. 
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The wound is sutured and the frogs are then placed 
0 again in their tanks (at 57O-60 F. temperature) and left there 
for 3-4 days. This has a three-fold purpose: a) it eliminates 
the preparations which were not fit for survival as death 
normally happens within 1-2 days; b) it shows possible functional 
damage of the labyrinth, as the frog will maintain an abnormal 
position in water if this happens’; c) it allows a good healing 
of the nervous structures involved, with disappearance of the 
swelling and of circulatory disorders resulting from surgery 
allowing the microelectrodes to maintain their position relative 
to the nerve. It has in fact been observed that quite a 
sizeable displacement of the nerve structure takes place in the 
first 1-2 days after surgery owing to change of dimensions and 
position during the first swelling and the following return to 
normal. It is therefore more ccjnveniezt to implant the elactrode 
with no further surgical maneuvers after the nervous system is 
normalized. 
. +Note an inversion ’ of procedure: in the original 
technique the second stage, namely the nerve exposure, was 
performed first, and the demotorization afterwards,% the 
assumption that a better appraisal of labyrinth damage could be 
done observing a frog free to move. It was found out, hcwever, 
that reversing the procedure assured a better survival ratio 
without seriously impairing the testing of the labyrinthine 
function (see later). 
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Third Stage - Insertion in the centrifuge end-caps. 
No narcosis is provided. The opening in the palate 
is exposed and the vestibular nerve preparation carefully 
inspected, after removal of the Agar protection by suction. 
Critical points are: circulation: the network of blood vessels 
has to be intact and the blood briskly circulating; no hemorrhage, 
as indicated by even minor blood clots, is acceptable; nerve 
condition: the nerves must appear intact, with no lesions, and 
the capillaries in the nerve must be filled with circulating 
blood. Swelling should have disappeared, Minor cleaning of the 
preparation may be performed but no major surgery: if this is 
needed, the frog is treated as in the second stage.. Then Agar 
is placed again on the opening and this is covered with gel 
foam. The soft tissue of the palate is left wide open. 
-- 
& 
The frog is secured in the head clamp of the end cap. 
One pxeampiifier is fixed to each side of the upper jaw with 
silk wire. The mouth is then clamped closed. The EKG electrodes 
are fixed under the skin of the thorax over the heart are and 
the EKG recorded. 
The frog is placed, hanging from the end cap, in the 
-pa 
specially built support in flowing water kept at the usual 
58-60°F. for at least one more day: at this stage 0 
through the water in the tank as the frog might not be able to 
breathe air at this stage. Occasional death might occur at this 
stage, but is very rare, and normaliy it would be due to injury 
produced during the procedure. (fig. 6) 
is bubbled 2 
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Fourth Stage - Microelectrode implant. (fig. 7 )  
This is performed 48-24 hours before utilization of 
the preparation. It is made following the procedure described 
elsewhere, except for two major changes: a) the two micro- 
electrodes are implanted in succession instead of simultaneously 
and b) the preparation is not sealed with dental cement. 
In d a  first microelectrode is implanted as usual in 
the nerve, tested and secured with Agar which is allowed to 
become gel. Then, by means of the hot tip of the same 
microelectrode handle, which is now free, the Agar mass is cut 
midway along the medulla to separate the ha15 including the 
microelectrode already implanted from the other half covering 
the not yet instrumented ncrve. The latter Agar is then sucked 
- 
off, while continuously recording from the implanted micro- 
electt-ode to check possible dfsplacements: these, however, very 
seldom occur. 
At this point, the second nerve is exposed and ready 
to accept the microelectrode which is implanted as the first 
one. Agar is then poured in and the preparation is completed. 
Jr 
The advantage of this procedure is the possibility of 
working independently on the second side, and of changing as 
many microelectrodes as it is wished, without having to perform 
each time a double implant. It avoids mcxeovex to ruin one 
good implant (owing for instance to frog movements) which 
performing the second. 
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The elimination of the dental cement seal was studied 
originally in 196%-69 in the Milan Laboratory, as soon as the 
increased vibration and linear acceleration of the Scout wsre 
known. Tt was then felt that an additional length of the free 
portion of the enamelled platinum wire, connect.ing the floating 
microelectrode to the outgoing main wire, would improve the 
staying capacity of the microelectrode. Besides, the anchorage 
of the block of dental cement would be unstable under the 
additional stress. A displacement of such block could unseal 
the opening in the skull and pull on the above-mentioned platinuin 
wire, thus displacing the electrode. 
Extensive tests showed that by shaping the connecting 
enamelled platinum wire as a free loop curving upwards from the 
end of the polyethylene tubing, secured on the bone, to the 
floating microelectrode enclosed ir. the Agar, displacement of 
tho electrode even under the severest vibrations and shock, was 
nearly impossible. This was definitely prover: by the vibration 
tests performed in August 1969, in which none of 20 electrodes 
tested were displaced. 
-. 
Furthermore, by firmly closing the Lower jaw with the 
corresponding clamp, adequate protection for the preparation was 
provided. Prolonged submersion in water for up to 15 days did 
not alter the quality of the vestibular signal. It must be 
noted that in a few hoitrs a sufficient natural protection is 
built on top of the Agar (enclosing a small section of the 
J.m- 
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enamel wire too) to eliminate possible effects of the water 
entering the mouth. This protection, originally a thin film 
of tissue, becomes thicker with time without hardening: the 
connecting wire goes right through it and is sealed all around. 
This preparation has proven to be quite reliable, 
maintaining unit activity for up to 17 days, with an average 
of 5-8 days, both in the holding tank and in the FOEP (see 
later). 
5.1 .2 FROGS EVALUATION 
A. Vestibular Reflexes 
During the recovery period between surgical procedure 
stage two and stage three the frogs were daiiy tested for 
vestibular reflexes. 
This test is very simple and gives information aboct 
the vestibulo-ocular reflexes and vestibule-spinal reflexes. 
For the test a frog was taken and put in its normal 
squatting position on the palm of the hand and kept horizontally 
with the head facing the experimenter. It is necessary at this 
point to wait until the frog opens the eyes and raises the head 
well clear of the hand of the experiment. 
of the animal it is then possible to check the reflexes. First 
the animal is rotated in a horizontal plane, this is accomplished 
by the experimenter rotating his body. Only a few degrees of 
motion is necessary to elicit a response (about 
resting position). During rotation the frog's eyes and the 
With feq movements 
I O o  from the 
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head position in respect to a reference point on the hand 
are observed. 
Both the eyes and the head can be seen rotating in 
the horizontal plane, a counter rotation can be seen on a 
sudden stop of the movement. The rotation movement is done 
very slowly and with the minimum displacement necessary to 
show a reaction. This test gives a good indication of the 
sensitivity of the horizontal canals and the status of the 
reflex arch. Next the animal is tilted back and forth. This 
i s  best accomplished by the experimenter keepFng 
steady and rocking his own body back and forth, while looking 
at the position of the frog's head in respecf to the hand. The 
frog's head tends to be always horizontal so that when the frog 
is tilted back the head tends to be nearer the palm of the hand 
and when tilted forward the head rises above the hand. This 
is a static test, the head position is sustained ur.til the 
tilting is maintained and gives gocd indications on the 
statoreceptors condition. The animal is then finally rolled 
around an antero-posterior axis. The head and the eyes can be 
seen counterrotating. 
the hand 
- 
- 
No attempt should be made to make these tests when 
the animal has the eyes closed, no reflex can be elicited in 
this state even on healthy unoperated frogs. This has been 
shown also from recording of frog electrorniogram during rotation 
on a rotating table (Bracchi, unpublished data). 
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AIL tests are best accomplished keeping the hand and 
the arrn of the experimenter at a constant angle and making all 
the movements with the body. It is easier in this way to 
observe fine movements of the animal. All reflexes tested in 
this way should be the same for characteristics and sensitivity 
as in the animal before the operation. 
B. Eye Blinking Test 
A second test was the eye blinking test; this is done 
by touching the open eyes of a frog. This test shows the 
integrity of the sixth nerve and the conditions of the central 
nervous system. 
The exit of the sixth nerve is in the mesial part of 
the medulla near the center line at a level just below the 
seveoth nerve and runs over the medulla in a cranio lateral 
direction. 
The nerve is made up of few fibers that innervate the 
retractor bulbi and the rectus externus muscles. In betxeen 
the fibers of this nerve runs a very small blood vessel. 
During the surgical procedure to expose the vestibular 
nerve by means of the special ring-shaped drill tip, it%as easy 
to injure this tiny nerve or its blood supply. The blood supply 
is very sensitive also to mishandling of the dura when ths 
membrane is opened to expose the vestibular nerve. Overstretching 
of the dura results in impaired blood circulation in the medulla, 
in the vestibular nerve and in the sixth nerve, tire latter being 
the most sensitive. 
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When circulation stops in the small blood vessel 
running with the sixth nerve the retractor bulbi loses its tonus 
and the frog's eyes become wide open and bulging out. In this 
case there is no blinking when the eye is touched. 
C. Mouth Tonus 
A third test was the mouth tonus. It is not usually 
easy to open the mouth of a healthy frog without the help of a 
blunt instruinent, like the back side of a pair of surqical 
forceps. Poor tonus results in easy opening of the mouth and 
only partial OK late closure when released. 
D. Skin 
Frogs in the aquarium have a dark green color. illhen 
in poor health condition the skin turns to a 1igHter yellow- 
green color. Formation of ulcers is also considered a sign of 
degrading health condition. 
E:. Circulation 
Circulation evaluation was done through ths observation 
of the color and the speed o f  blood in the small capillaries and 
in the arteries of the medulla. Blood should be running in all 
capillaries both in the medulla and vestibular nerves, where no 
hemorrhage should be present. The speed should be s 
a magnification x 40 and with a 1 2 , s  x ocular (Zeiss surgical 
stereo microscope), red cells should not be distinquishable as 
single units in the mzjor vessels, red cells should be barely 
distinguishable and only in small capillaries. 
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The inspection could be carried out both during 
operation to expose the vestibular nerve and during the waiting 
period or while connecting the frog to the centrifuge end cap. 
This was possible by the transparency of the Agar used to protect 
the opening. 
F. Electrocardiogram (EKG) 
- _ _  - 
The EKG was the main parameter used to ascertain the 
health condition of a frog during the implanting procedure and 
during the experiment itself. The parameters taken into 
consideration were: 
1. heart beat frequency in beatshinUte 
2 .  R wave amplitude 
3 .  EKG waveforms 
4.  QRS complex conduction times 
I. The frog's heart beat frequency is temperature 
dependent. 
from 55OF. (tanks water temperature) to 60°F. (room temperature). 
In healthy frogs the frequencies were from 2 4  (at 55OF.I 
The temperature used fcr the OFO-A experiment were 
to 28 (at 60°F.) beats/minute with a variability of f 2 beats/ 
minute. (fin. 4 )  
gr 
Other factors besides the temperature can temporarily 
modify the heart frequency. A decrease in frequency for a few 
beats can be seen whenever the frog moves on the table. When 
the animal is put from an air environment into water the 
amplitude and waveforms can also be modified for some time. A 
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decrease in frequency below 20 beats/minute at the temperatures 
mentioned above can be an indication of degrading health. The 
EKG however has to be always considered as a complex and also 
the other parameters have to be taken into consideration. 
2. The R wave aniplitude had a greater variability 
than the heart frequency. Here however a number of factors can 
interfere; like the position of the electrodes, liquid in the 
limphatic spaces that can partially shortcircuit the electrodes 
and electrode polarization in long term experiments. More 
important than the actual amplitude is its constancy throughout 
the experiment. The amplitudes are always diminished when the 
animal is in water due to the shortcircuiting effect of the 
external media. 
- 
3 .  No accurate study was made of the frog EKG 
waveform modifications in pathological conditions. It was 
noted however that an excessive amplitude of the T wave was 
s u e  sign of zi degrading animal, usixilly death occ;rrsd within 
24 hours also if R wave amplitude, frequency and rhythm were 
within the normal limits. An exception to this was noted with 
the frogs into the FOEP package when passing from open O2 to 
closed O2 circuits. For some hours following this operation 
there Was an increase in the amplitude of the T wave, the- 
return to normal however was complete; at this time no sure 
explanation can be given of this phenomenon. 
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4 .  In the normal frog the QRS coinplex takes place in 
100 msec at 60°F. 
msec) is almost invariably associated with other signs of 
degradation like arithmia and severe ampl.itude modifications of 
the EKG waveforms. 
An increase in conduction time (up to 150 
In conclusion. Gross EKG examination is useful in 
determining the state of the animal at the moment the tracing is 
taken. Its usefulness is limited however as a prognosis tool in 
determining the survivability of the animal, because changes in 
the EKG take place when the other tests, like vestibular tests, 
already showed signs of deterioration. After the first signs 
of EKG alteration the animal seldom lived for more than 48 hours. . - 
A frog was discarded: 
1.  if during the operation a blood vessel on the medulla 
or any nerve was injured even if the blood vessel was a single 
C2Fillary; 
2. if at any time the blood flow stopped in any vessel 
1 
(also capillaries) on the medulla or on any nerve that could be 
inspected; I i 
i 
t 
f 
3 .  if at any time the blood flow in the major vessels i 
(central spinal artery) showed an excessive slrwing down or 
"pumping" action, e.g., blood changing direction of flow during 1 1 
the cardiac cycle; 
4 .  if during the waiting period or implantation the 
I blood flow in the major vessels slowed down so that in the 
i 
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major vessels the blood stream could be seen as composed of 
discrete entities (red blood cells). 
(A small decrease in the blood flux might occur 
during the operation to expose the vestibular nerve, however, 
this is temporary and a full recovery takes place shortly 
after the operation.) .. 
5 .  If frogs were anaemic. Red blood cells should 
fill up completely the major blood vessels as seen through the 
stereomicroscope at a 4Ox position. In anaemic frogs red 
blood cells occupy only the central portion of the stream. 
Circulatory conditions are very stringent for a 
successful implant. (An implant is considered successful wher? 
the nerve potentials recorded from the implanted electrode 
have the same characteristics of amplitude, shape and response 
to stimuli from 2 hours tc after 2 t  hcurs from implantation.) 
0ccl;rance of any of the points above-described under cirzuiation 
- 
was reason enough to discard a frog, even if the evaluation with 
the other tests (vestibular reflexes, eye blinking, mouth tone) 
were considered satisfactory. 
5.1 .3  FROGS FhILURE ANALYSIS (Problems Outline - Specific 
sirr Incidents ) 
A .  Hemorrhages from the soft tissues of the roof of 
the mouth seldom occurred; 
with a cautery is a bloodless operation. When hemorrhages 
occurred they were usually profuse and associated with other 
conditions like congestion of the skin, congestion of the mouth 
Usually cutting the soft tissues 
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mucosae and ulcers. 
before the operation. Even successive openings of the wound in 
the roof of the mouth for inspection of the circulation in the 
medulla or for electrode implantation are bloodless or very few 
drops of blood are lost. During the vestibular nerve exposure 
procedure, hemorrhages occurred when the exposure was carried 
out using the circular drill and some blood vessels of the 
plexuses surrounding the hypophysis were darraged. 
of the reasons why the circular drill has been abandoned. The 
technique using the round dental burr is much safer. Acciciental 
rupture of even small blood vesseis was a rare occurrance and 
the operation was completely bloodless. The dura and the pia 
membranes around the vestibular nerve were carefully removed 
with the aid of two Dumond 11 5 straight forceps. Here too 
rupture of vessels was rare. 
But in these cases the frogs were discarded 
This was one 
Rupture of a vessel in the calcareous bodies around 
the hypophysis was not reason enough to discard a frog unless 
a profuse hemorrhage was associated, while rupture of even a 
capillary on the vestibular nerve or on the medulla was 
enough to discard the animal. 
prra 
B. Damage to the sixth nerve was a frequent 
occurrance using the circular drill. It never occurred with 
the round burr. 
C. Drowninq can occur if the frog is put Sack ir? the 
tank before it is fully recovered from anaesthesia. It can also 
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occur as a terminal stage of a progressive deterioration of 
the animal, in this case the stomach is full of water and secretions 
and usually there is urine retention. 
D. Anaemia was occasionally observed particularly 
during autumn. In this case the blood has a light pink color 
instead of the usual reci. This occurs also after profuse 
hemorrhages. .. 
E. Infections, Infection of wounds can occur with 
formation of pus in the lymphatic spaces. However, this 
occurrance was easily avoided with thorough cleanliness of the 
operating instruments. Complete asepsi was never attempted but 
all instruments were stored in alcohol and dried when used. All 
towels were changed with each frog and the instruments 
disinfected in alcohql. L 
The EKG electrodes were prepared before insertion with 
sterile cables, Silver-Silver Cloride eleckrodes surroilnded by 
cotton and gauze dipped in sterile agar-frog saline solutior.. 
During the surgical procedure for the EKG electrodes 
insertion, the electrodes were kept moist in a beaker containing 
about 100 cc of sterile saline. Occasionally Ampicilline was 
used in this solution in an empirical concentration of about 
5 0  mg/100 cc saline. rBr 
I?. "Red legs". This is a congestion of the abdominal 
side of the skin and of the inner part  o f  the hind Legs and is 
not a specific disease, also if it is commonly seen in infected 
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frogs, usually in this case skin ulcers are associated. 
shows up also on frogs dead by asphyxiation. 
It 
A number of factors, however, can lead to a temporary 
reddening of the skin with the same pattern as in the "Red leg" 
disease. Such as anaesthesia, dryness during shipping, lying 
€or a long time on the belly on a flat surface, even under 
water, as it happens for paralized frogs. ._ - 
G. Tanks overcrowding. Death occurred at a lower 
rate in tanks containing lesser number of operated frogs. It 
has been observed that in tanks containing operated frogs, no 
more than 1 frog/6-7 liters of water should be kept. 
H. Pesticides. All frogs were collected in 
irrigation canals and rice paddies where agFicultura1 pesticides 
containing phosphor compounds were sprayed. Of these frogs 
only about 10% could be successfully implanted, many of the 
frogs (20-25%) had sluggish responses upon arrival, they could 
be put laying down on their back on a flat surface or in the 
water without trying to right themselves for periods of minutes. 
& 
These frogs 
survived if 
modified by 
October, 40  
areas where 
did not show any external pathological sign and 
kept in the aquarium; their condition was not 
antibiotics. On one occasion, during the month of 
frogs were specially obtained by Dah1 Co. from 
no pesticides were used. None showed external 
qaa 
pathoLogica1 signs or sluggishness in responses. About 50% 
could be successfully implanted, the rejection being due to 
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operation accidents, but mostly to poor circulatory conditions 
or poor EKG. 
I. Post Mortem. On dead frogs only gross post-mortem 
examination was carried out. Usual findings were: skin ulcers, 
edema, urine retention, congestion of mesentheric vessels, 
stomach distension cuntaining mostly water and mucous secretions, 
the intestines were usually empty of contents. Occasionally 
nematodes were found curled under the skin or more frequently 
in the stomach lining, more common was the Prteumonices in the 
lungs. 
5.1.3.1 SPECIFIC INCIDENTS 
After the attempted launch of August 21st, when the 
launch was scrubbed for technical difficulties on the launch 
pad, the next attempt was set for August 31st. Frogs were 
prepared according to the schedule but the flight was cancelled 
on August 28 due to rocket problems. Next date was set for 
September 10th. During the waiting period difficulties were 
experienced in obtaining new frogs, so it was decided to use 
the left over frogs of the previous launch attempt (of Aug. 31st). 
Fourteen frogs went through the surgical procedure previously 
outlined. Of these, eight were judged good enough to be implanted 
during the night between September 8th and September 9th: of 
these frogs at least three were considered space flight worthy. 
At this time a l l  the tests made on the frogs to check the 
general conditions, i.e., the EKG, reflexes and muscle tonus, 
-Pu 
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appeared very good. 
put into the F O E P  package for the experiment, it was customary 
to wait a few hours for the frogs to recover from the manipulations 
necessary for the implantation, and also to allow the experimenter 
After the implant and before the frogs were 
to follow the signals recorded from the vestibular nerve and 
make sure that no degrading was occurring. The frogs during this 
rest period were left in the cold tank. It soon became apparent 
that some problem existed and two additional frogs were 
prepared for possible use. The problem, however, became worse 
and at the time in which the frogs should have been chosen for 
the launch all the implanted frogs but one were in extremely 
bad conditions with the EKG nearly disappearing, lack of 
muscular tonus, and the otolith signal either not existing or 
zinimal. All the frogs showed vcrious degrees of reddening of 
the abdominal region and inside of the hint! legs. Also scme cf 
the 'back-up' frogs that were kept in the same tanks showed 
signs of degrading. In the healthy frog of the group, even if 
the otolith signals were good, some signs in the EKG, like 
increasing in the amplitude of the T wave, demonstrated that 
there was an initial asphyxia. It was decided anyway-o put 
this frog into the F O E P  on the assumption, which later proved 
correct, that the high oxygen environment might solve the 
situation. In fact the EKG became normal again. In the mean 
time also the EKG of the newly implanted frogs was disappearing 
only three hours after they had been implanted. It was then 
+ 
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considered unsafe to proceed with the launch with preparations 
in this kind of health conditlon. 
The first factor taken into consideration to explain 
the rapid decline of the healthy conditions of the frogs was 
some kind of spreading infection generally termed as "red leg 
disease". Many other factors, however, had to be taken into 
consideration. These frogs were not fed for a long time, in 
fact it has to be reminded that many were left over from the 
previous iaunch attempt of August 31 st. Another possible 
problem was the area in which the frogs were collected, but the 
first consideration was ihe possibility of an asphyxiation. In 
fact it sgemed difficult to justify a rapid decay in the 
conditions of all the frogs in one tank within a few hours, 
taking into consideration only an infection. 
Another factor considered was the possibilizy of I 
; 
E 
metal poisoning from the water of the tank. The water was 
cooled in a closed circuit through a water cooler. It was 
decided to proceed along two different main lines: 1 )  to take 
I 
I 
i into consideration infections and experiment on a group I 
of frogs with antibiotics and 2 )  to take into consideration 
the possibility of asphyxiation and metal poisoning. 
ev 
During this period experiments were made also using 
t 
.=-particular batch of frogs collected in areas where agricultural t. 
pesticides were not used. 
I 
t I 
E 
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1.  Infections. A group of I O  frogs was treated with 
ampicilline. Arnpicilline is known to be a wide spectrum 
antibiotic used for the treatment of variety of infections in 
f i s h  aquariums, besides it was readily available in quantity at: 
Wallops Station. The antibiotic was dissolved in the frog tank 
water in a concentration of about 50 mgr/l. 
A few drops of a saline solution of injectable 
arnpicilline were put in the wounds on the back of the frogs 
when they were paralized. The total amount of ampicilline 
injected by this way into the frog was about 25 mgr/Kcj of 
. frog. No ampicilline was used directly on the wound on the 
mouth roof to expose the vestibular nerve, instead 25 mgr/Kg 
of frog were injected in the lymphatic spaces just before the 
operation. The same concentration of ampicilline was injected 
in the lymphatic spaces together with the EKG electrsdes. 
No difference was iioted betwem “,he behavicrur of this 
group of frogs and previous. 
The treatment with antibiotics of frogs was abandoned 
as a general use also considering the fact that nothing was 
known about the oto-toxicity in frogs of antibiotics. The FOEP 
package, however, was disinfected between one exfiriment and 
the next by circulating for at least 24 hours water containing 
a concentration of 300 mg/liter of ampicilline and a few drops/ 
liter of clorine solution of the kind generally found in aquarium 
supply stores for tropical fishes. 
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The FOEP was then repeatedly washed with sterile 
water before the experiment. 
2 .  Metal Poisoning and Asphyxiation. The tank 
water was tested for heavy metals particularly cadmium and 
copper: cadmium is extremely toxic and is sometimes used to 
protect netal parts from corrosion; copper is the constituent 
of the tubings of the water cooler, its toxicity on frogs is 
not known. 
No cadmium was found while copper was present in 
more than 50 parts per million. To prevent this copper 
concentration, when the frogs were in the colZ tanks, the 
water was daily changed so that copper concentration was kept 
. 
below 1 ppm. 
A rapid deterioration of the healthy state of a 
frog seerned always tc take place after the frog was sttschn-d 
to the centrifuge end caps (third surgical stage). The main 
differences between stage two and three being that when the 
frog was clamped to the mouth holder of the centrifuge end cap 
the tongue was removed, so that it would not interfere with the 
chronic electrodes when they were implanted, and the fith was 
tightly ciosed by the mouth holder. 
Frogs can breathe through three systems: the lungs, 
the mucosa of the mouth and the skin. 
Under normal conditions at room temperature it seems 
that the respiration through the mucosa of the mouth is the 
most important while respiration through the lungs is sporadic. 
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Underwater respiration takes place through the skin 
but it is less efficient than the other means previously mentioned, 
and can be sufficient only at lower temperatures. In the frogs 
prepared for implantation the roof of the mouth is open, the 
tongue is removed, this decreases very much the available areas 
for gas exchange in the mouth mucosa, in addition the swallowing 
action needed for lung breathing is impaired by the removal of 
the tongue and by the clamp that keeps the mouth closed. Only 
the skin respiration is Left for gas exchanges between water 
and blood. Due to the low efficiency of this system frogs werB 
kept at 15OC. 
Operated frogs could live under water in these 
conditions only for a few days showing a progressive deterioration 
of EKG. 
* .  
The EKG returned to normal in amplitude and frequency 
opening tha mouth cf the frog in air or pumping a few cc's of * 
air in the lungs. 
It became apparent that the O2 exchange through the 
skin was.not enough when the water was saturated with air. 
This could have been due to the fact that on a 
paralized frog, membranes continue to form on the M n  due to 
the shedding of the outer layers of the skin and to skin 
secretions. In a moving frog these membranes are continuously 
removed, but this is not the case in a paralized one. These 
membranes increase the effective thickness of the skin possibly 
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lowering the O2 transport mechanism. 
with insufflation of about 3-4 cc/air/minute. This solved the 
situation but was impractical, because of frequent accidents 
(the small plastic tubing in the trachea could perforate the 
lungs) and because the tubing used could damage the implant in 
the vestibular nerve. 
Lung respiration was tried 
.. 
The problem was solved by bubbling O2 in the aquariums 
instead of air. The aquariums were equipped with a closely 
fitting iid. 
minute/aquarium, this gave a PO in the water between 600 and 
680 mmHg depending upon how often the lid was removed. Five 
aquariums were so equipped. 
differ from O2 pressure in the nornial air, so no fire hazard 
was introduced by this method. 
The amount of O2 bubbled was around 1 liter/ 
2 
The O2 pressure irr-the room did not 
The method proved very satisfactory and no cases of 
asphyxiation were observed anynore. 
To prevent excessive swallowing of water the operated 
frogs (stages one and two) were kept on a slanted perspex 
surface so'that while the body was iwmersed in water the mouth 
was always above the surface. (See Fig. 6 .) 
5. I .4 CONCLUSIONS 
The surgical procedure, frog handling, aquarium and 
implant procedures seem to be adequate to provide frogs with 
adequate life expectancy after implant. The main problem lies 
in the frog itself. Frogs taken from an unsupervised environment 
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are not suitable €or long term experiments, in fact only a 
small percentage of these frogs which were used reached a 
survival period of 15 days or more after implant. 
A high percentage of failure could be ascribed to the 
initial health condition of the frogs (parasite infestation, 
poor feeding, infections, possibly water pollution, etc.). 
Even starting from frogs taken from the wild a tremendous 
improvement was observed when taken from selected areas not 
spread with agricultural pesticides. 
It seems, then, to be necessary for long term 
experiments, to have available frogs that are bced in the 
laboratory under controlled conditions, or at least be treated 
and fed for periods in excess of six months from when taken 
from external sources. 
It laus'r: be emphasized that poor responses, poor 
electric potentials and poor life expectancy experienced during 
the preparation of this flight can be easily overlooked in 
normal acute experiments because the deterioration of the nerve 
potentials, reflexes or EKG takes place in a matter of hours or 
more frequently of days, beyond the normal duration of an acute 
experiment. This is not to say, however, that results of acute 
experiments cannot be affected by frog health conditions. It 
is our experience for instance that tonic responses t o  sustained 
stimuli are very difficult to record from frogs not in their 
best conditions , while phasic responses to tilting or respcrises of 
semicircular canals (phasic in nature) are still present. 
gP 
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It is at this momant impossible to state with 
confidence that phasic respcnses are a sign of deterioration, 
of tonic receptors, or if tonic and phasic receptors are of 
completely different kinds, or tonic responses can go phasic 
and then return to tonic under normal conditions. We have- 
records, however, that show how a receptor can show tonic 
responses, then phasic ones and then tonic again, the whole 
cycle being of the order of 5-6 days long. The effect of 
antibiotics on vestibular receptor should also be investigated 
before any treatment be judged adequate for laboratory frogs 
used for vestibular research. * 
* 
5.1 .5  TESTS IN THE FOEP 
A prototype of the FOEP, idectical to the flight units, 
has been worked upon for four weeks at the present date. During 
this period the following results have been obtained. 
A .  Vibration. 
The first problem to be dealt with was vibration. It 
was found that the existing vibratory background, originated by 
the water pump in the system was way above the threshold of the 
vestibular units involved. In fact, placing an instrumented 
specimen in the centrifuge, continuous firing of the otolith 
unit resulted, due to the stimulating effect of approximately 
400 mg peak to peak of 800 Hz/sec vibration. Irregularly 
shaped waves, approaching occasionally a sine curve, were 
recorded directly with an accelerometer (frequency of response = 
+%- 
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2kHz) placed in the water, in the same position as the frog's 
head, in the radial direction of the centrifuge, namely, the 
direction of the functional axis of the vestibular sensors. 
UP to 200 milli g vibrations of the same characteristics were 
found from an identical accelerometer placed vertically at 90' 
from the other. 
Such noise disappeared when the pump, still running, 
was disconnected from the FOEP, with the water circulation 
still working normally. Consequently, different kinds of 
shock mountings were tested and finally satisfying results 
were obtained, with no visible trace of vibration^ being detected 
at the frog's head. Tests performed with instrumented specimens 
confirmed that whatever residual vibration might exist, below 
the sensitivity of the accelerometers used, it was subthreshold 
for the sensors too. 
This achievement is important, as the presence of an 
above threshold vibration would have been contrary to one of the 
basicconditions of the experiment, namely, the lack of stimula- 
tion of the vestibular sensors in orbit, in the intervals between 
the centrifuge runs. e-- 
It was therefore recommended that the n-odified shock 
mounting be applied to the flying units. 
B. Loading Procedure. 
The procedure adopted previously €or loading the 
instrumented frogs in the FOEP was not completely satisfactory. 
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In fact, while introducing the first frog in the centrifuge 
in the normal horizontal position was not too difficult, as the 
opposite cpaning could be used for pulling the frog's legs in 
a convenient position, the loading of the second frog sometimes 
ruined the preparation, as guiding the frog inside the centrifuge 
tubing was rather awkward. 
Consequently, a modified technique has been devised,(fig. 6 )  
by which the loading takes place vertically with the FOEP lying 
on one side, sustained by a specially built support. In this 
way, with the centrifuge filled near the brim with oxygenated 
water, the first frog is lowered slowly into the water. Then 
the FOEP is placed horizontally, the centrifuge+rained of the 
water and the legs of the frog secured to the opposite end. 
This will avoid the first frog sliding when the procedure 
described above is repeated for the second frog. In this WEY 
no difficulty at all was met anymore, nor any preparation lost. 
5 . 1 . 6  BASE LINE DATA .?-$ID SURVIVAL TESTS 
A. Vestibular activity in the FOEP and on tilting tabie. 
During four weeks, seven frogs have been tested in 
the FOEP, with all systems running smoothly. Five of these 
frogs have been kept in the FOEP for up to six days. Routine 
running of the centrifuge was performed each day and data 
recorded on tape, together with long periods of activity at 
rest. EKG and accelerometer output were also recorsed 
simultaneously. (fiq. 9) 
i2w 
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In no case a failure was noted and the preparation 
was active normally during the entire period. 
It was found that death of the preparation results 
in 10-12 hours if either the oxygen or the water pump stops as 
the frog is deprived of 0 the several hours survival is due 
to residual O2 in the water and will allow action to be taken 
in time to restart the pumps themselves if they stop during 
flight. A large amount of base line data was also obtained in 
2: 
the laboratory and stored on tape, simulating the centrifuge 
spins with tilts of the supporting table which produced g forces 
equivalent to the centrifugal force of the centrifuge. This 
allows a direct comparison between the effect on vestibular 
sensors of centripetal acceleration anci the gravTtationa1 
acceleration, especially as in some cases the test was made 
on the same specimens. 
B. Base line data prior EO launch. 
Owing to the large amount of base line data recorded 
in this period of time, it was found that in about two hours 
enough base line data will be obtained from each of the 
instrumented preparations before the launch to allow a good 
comparison with the orbital behavior of the vestibu1Tr units 
involved. About 45 minutes of data at rest, plus several groups 
of three centrifuge cycles either close together or sufficiently 
apart not to induce summation effect was performed and the 
(fig. IO) 
resulting activity recorded. This time was also sufficient 
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to determine the survival factor of the preparation using the 
EKG as an index. It was in fact found that after about one 
hour the EXG shows alterations if the environmental conditions 
of the frogs are not compatible with the welfare of the animals. 
C. Test of telemetry and computer programs with frog data. 
The base line data obtained during the test on the 
FOEP prototype have been used to reproduce the exact configuration 
of the flying conditions during telemetry. Data transmitted 
through the entire system included vestibular unit activity, EXG 
and centrifuge accelorometer output. This proved to be 
satisfactory and data thus transmitted was quite’adequate for 
analysis. The same data have been used €or testing the computer 
programs to be used at Goddard during launch for quick analysis 
and final satisfactory results obtained. 
i 
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Fig. 6. Diagrammatic representation of the special acquarium 
devices to keep the frogs healthy in the I11 and IV stage of 
the surgical preparation. After the partial denervation and bi- 
lateral exposition of the VI11 nerve the frogs are kept with 
the mouth above the water level to avoid drowning fupper sketch). 
When the frogs are already fixed to the end-caps they are su - 
spented in the water by means of semicilinders (lower sketch). 
Fig. 7.  General view of the set-up for the chronic implant of 
the microelectrodes in the frog. 
A. The tilting and rotating table carries the frog already at- 
tached to the end-caps, the main amplifiers connected with the 
emitter-followers, the hydraulic micromanipulatsr, the coil 
heater, and the lower part of the surgical sterecrnicroscope. 
B. Detail of the frog and of the positioning system holding the 
microelectrodes in the proper position. Note the 2 emitter-fol- 
lowers fixed to the frog's head. 
Fig. 8. Insertion of the frog into the Bio-pa-ge. 
A. The frog attached to the end-caps and fully instrumented is 
carefully lowered into-the centrifuge of the Bio-package,alrea- 
dy nearly fiiled up vrith oxygenated water. The bottom part of 
the Bio-package is shown:the oxygen bottle, the lung,the C 0 2  
absorber and the two pumps for water and gas circulation (see 
fig.5 for more details). 
B. The end-caps are secured to the centrifuge.Note that the 3 
dd. 
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connecting plugs ( 2  vestibular signals + EKG leads) are still 
disconnected. The package is ready to be put back in the hori- 
zontal position lifting it from the special holder: then the 
N2 purging will start (see text). _. -
Fig. 9. 
A) Simulated mission on the ground. Activity at rest and re- 
sponse to the centrifuge cycles recorded for 1 2 0  hrs. The a- 
verage frequency at rest of 1000 spikes corresponds to each 
round dot. The square dots represent the mean rate of 50 spi- 
kes during the second half of the centrifuge cycle 2-t steady 
speed. Xote between arrows a sudden spontaneous shift of the 
frequency of discharge at rest by ab.508. This happens quite 
frecpently fcjr reasons still unkr.own. 
B) Another simulated mission on the ground. The mean frequen- 
cy at rest of 1000 spikes for each round dot is here represen- 
ted as a % change of the overall mean frequency. The square dots 
correspond to the standard deviation in % of the mean. 
J.=u 
Fig. 10. Otolith unit A 2 
Dynamic response on the ground. 
I. 110 sec of activity at rest on the ground. 
2 .  3 .  4 .  Frequency response to the centrifuge cycles.The first 
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dynamic response is followed by a t o n i c  one. The responses  
to  t h e  t h r e e  i s o l a t e d  cyc le s  are very  s i m i l a r .  
I n  5 .  t b r e e  i s o l a t e d  cyc le s  are shown p l u s  f o u r  close toge- 
ther.The decrease of both dynamic and t o n i c  response is ev i -  
dent  i n  t h e  la t ter  case. Note also  t h e  reduct ion  of t h e  f i -  
r i n g  rate af ter  t h e  four  c l o s e  cyc le s  which lasts s e v e r a l  m i -  
nu tes .  This  is a t y p i c a l  behaviour of g rav i tocep to r s  (see re- 
p r i n t s  B and c)  : cen t r i fuge  cyc le s  arrowed i n  t h e  f igu re .  
On t h e  ordinclte : frequency of  d i scha rge  i n  impulses pe r  sec, 
each p o i n t  being t h e  average of 1 / 2  sec firing.. This  techni -  
que in t roduces  a s m a l l  a r t i f a c t  as some of t h e  f e a t u r e s  of 
t h e  a c t i v i t y  may be obscursd; f o r  i n s t ance  d w i n g  t h e  fou r  
close cycles t h e  Sasa Lize does no t  appear t o  r e t u r n  to 0 
a f t e r  each in te rmedia te  c y c l e  as i n  f a c t  it does. 
Lower record: c e n t r i f u g e  a c c e l e r a t i o n  p r o f i l e  0-0.6 4. 
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SECTION 6 
PREPARATION FOR THE FLIGHT - THE QUALIFICATION TESTS 
6.1  REPORT ON THE CENTRIFUGZ TESTS OF THE FROG PREPARATION 
FOR THE ORBITAL FROG OTOLITH EXPERIMENT. 
Introduction-The shifting of the formerly TS4, then 
OFO-A, experiment from the APOLLO program to a launch involving 
a Scout system required further centrifugation tests to make 
sure that the increased linear acceleration during takeoff 
(9.6 g instead of approximately 6) plus 3.6 g angular acceleration 
due to the spinning of the rocket could be tblerated by the 
frog preparation. Accordingly, three tests have been performed 
to analyze the frog preparation's behavior at 1 2  .CJ belly-Sack 
and 5 to 7 g head-tail. acceleration (fig. 11) corrisponding to 
the lift off situation. 
Technique. The VI11 nerves were exposed in the frog 
the thoracic and lumbar plexus were cut following the standard 
technique already described. In the first two animals one 
workable electrode only was implanted chronically& t h e  left 
VI11 nerve. In the third frog, two electrodes were also 
implanted in the right and left VI11 nerve - EKG electrodes 
were also implanted in all three cases. Each electrode was 
connected to a waterproof emitter follower, chronically 
implanted in the frog. 
means of a head holder. The output arid power wires of the 
emitter followers and EKG wires went throucfh the lid to a 
connector by means of a waterproof gland. 
The animal was attached to a lid by 
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The animal was then placed in a cylinder, completely 
filled with water and the lid secured watertight to the 
cylinder itself. 
containing an oxygen supply and the main amplifiers (gain 1 K) 
for the vestibular and EKG signal. The oxygen, by bubbling 
through the water around the frog, allowed respiration through 
the frog’s skin. 
The cylinder was a part of the package 
The package was then secured to the arm of the 
centrifuge. In the first run the centripetal 
acceleration up to 1 2  g was directed from belly to back. Then 
the package was turned on the side and the acceleration was 
directed from tail to head. A maximum of 7 g was applied this 
tine. (fig. 11) 
The sestibuiar signals and the EKG were recorded 02 
magnetic tape throughout the test. The acceleration profile 
was recorded on a Brush recorder. 
Results. 
Test No. 1: During this test good signals from the 
vestibular unit were recorded throughout the test (Fig.12 ) .  
KO EKG signal was recorded during the tests, owing to a 
defective EKG amplifier in the package, but the EKG pulses were 
recorded before and after the test through an alternative system. 
k 
The single microelectrode recorded the activity of two 
vestibular units, one much larger than the other and therefore 
easily recognizable. The units were otolith cells, responding 
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to acceleration in the longitudinal direction only, the larger 
in the head-tail sense, the smaller vice versa. Accordingly, nomajor 
change in the rate of firing was reccrded during the 1 2  g spin, 
as the acceleration was in the lateral direction with respect 
to the body (Pig . 12n ) .  After the package was moved 
sideways the resultant acceleration in the tail-head direction 
was rapidly increased to 5 g (Fig . 1 2 ~  1 .  The iargest otoiith 
unit firing was suddenly blocked, while the smaller one increased 
its firing rate to its maximum capacity. This behavior is as 
expecteu.WhSh the cent r i fuge  sfoaped (Figs. 12C ) the largest 
unit started firing again and after some after-affect (longer 
intervals) it showed normal activity. The smaiiest %&eased 
I t s  firing rate. This too was expected. 
After the package was disconnected from the centrifuge, 
the frog was taken out of the cylinder and rechecked. EKG znc? 
otolith pulse appeared normal. 
Conclusion. No alteration of the preparation or 
displacement of the electrodes was observed. 
remained normal throughout the test. 
The preparation 
-7;v 
Results. 
Test No. 2:  Good signal from the vestibular unit and 
the EKG was recorded during the test. To avoid excessive firing 
and to observe a response during the 1 2  g test a semicircular 
canal unit was chosen this time, responding to a change in 
angular speed in the head-tail and the belly to back position. 
6-3 
The 12 g acceleration was applied in the belly-back 
direction; in the tail-head direction 2 ,  3, 4 ,  5 and 6 g were 
applied step-like. 
(Fig .13A ) the unit responded as expected with a fast burst 
of firing. When the steady 1 2  g level was reached, the rate of 
firing became normal again (FigJ3B ) .  
spin (Figs.13C ) after a transient increase of frequency, 
probably due to irregularity in the centrifuge run a long pause 
was observed, as expected, followed by a normal activity. 
At the onset of the 1 2  g acceleration 
At the end of the 12 g 
After the change of position the unit responded with 
a burst of high firing at any change of angular speed (Fig . 13D= 
2 g ,  13E = 6 g). However, a decrease in amplitude was observed 
at 5 g .  That indicated a deterioration of the preparation (see 
difference between figs. 13D-E j or an electrode displacement. 
At the end of t h e  spin the amplitude remained =t the lower value. 
The EKG signal remained normal throughout the test. 
Conclusion: No alteration was provoked by 12 g 
acceleration applied in the belly-back direction. Above 5 g ,  
alteration of the preparation is observed, when the direction 
of the acceleration is in the tail-head axis. a- 
Results. 
Test No. 3 :  One semicircular canal unit, of the same 
characteristic as in Test No. 2 ,  plus another unit, probably of 
the efferent system type not responding to any accel.eration were 
--
chosen. 
6-4 
& 
t 
The 12 g acceleration was applied as in the previous 
test. In the head-tail axis, acceleration was increased step- 
like to 7 g starting with 2 g. The results were similar to 
Test No. 2 on the semicircular canal suit. No damaging effect 
was noted in the 1 2  g test., whereas a change showing possible 
injury appeared above 5 cj in the logitudinal direction (Fig.14 ) .  
The efferent unit did not show ar.y impairment. This 
seems to indicate that a possible damage of the biological 
substrate at the vestibular level might be the reason for the 
changed unit activity instead of a displacement of the electrode. 
* 
General Conclu.sions: It is felt that t6e tests 
performed provide enough data to conclude that the characteristics 
of the Scout launch wili not damage the OFO-A esperiment, if the 
linear acceleration during takeoff is kept at or Selcv approxi- 
m a t e l y  ? O  g and the angular acceleration due to spinning does 
not exceed the indicated value of 3.6 g. 
6.2 REPORT ON THE VIBRATION TESTS OF THE FROG PREPARATION FOR 
-
THE ORBITAL OTOLITH EXPERIMENT 
Introduction. One of the most critical aspects of 
the microelectrode technique is the capability of the micro- 
electrode to withstand vibration without being displaced and 
damaging the nerve. The neutral buoyancy microelectrode is a 
good answer to the effect of linear acceleration: in effect being 
of nearly the same density as the tissue in which it is 
implanted it will move together with the nervaus mass along the 
jer 
accelerating pull without any relative displacement within the 
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limits of its restraint and the approximation of the relative 
densities. During vibrations, however, the situation is more 
complex and the possibility of displacement increases for the 
following reasons : .._ - 
1. The microelectrode is balanced against a torquing 
momentum. However, during a sinusoidal vibration a moment of 
inertia develops by which a penduiar movement of the electrode 
might take place around the center of the mass, thus provoking 
damage of the tissue in the site of the tip. 
2. The electrode is not completely free to float. 
It is connected to a rigid point (the larger output wire) 
through a thin and flexible platinum wire. The system micro- 
electrode plus platinum wire, owing to the constricted end, 
has a specific elasticity: a resonance frequency is then 
observed. At this frequency displacement will take place after 
a given time, at a relatively low level of vibration intensity. 
Method. Fully instrumented frogs, as by the already 
Zescribed technique for the OFO-A experiment have been used for 
testing. Each frog was placed in a cylindrical container and 
the head firmly attached through a head holder to the lid 
(Fig . 15 1 .  The container was completely filled up with 
water, care being taken that no air bubbles remained. The 
cylinder was rigidly attached to the plate of a shaker. 
frog remained either vertical (Fig.15 ) or horizontal (Fi~3.~6 ) 
in respect of the plate. Vibration was directed therefore 
The 
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either in the head-tail direction (Fig.10 ) or in the lateral 
direction (Fig.10 ) .  An accelerometer was fixed on the top of 
the container as shown in the figures. However, owing to the 
low frequency response of the accelerometer the indications 
of the accelerometer above 10-30/sec were not correct. The 
values considered were therefore the ones indicated by the panel 
of the shaker. 
Sinusoidal vibrations were applied, with a frequency 
from 2 to 600/sec and an intensity up to a maximum of 5 g. 
Continuous recording of the vestibular electrical 
activity was performed during the tests and the results stored 
on a magnetic analog tape. 
* 
Results. Each tested frequency was increased in 
intensity slowly and progressively till oscillation of the 
baseline i n  vest ih lsr  records shswed khat  mechanic movements 
of the microelectrode started: at the onset, this was not 
accompanied by a permanent displacement of the electrodes, as 
decrease of.the intensity produced a normalization of the 
records (Fig.17 1 .  If, however, the intensity of vibration at 
that particular frequency was maintained for a prolonged period 
of time, permanent displacement of the electrode, and/or 
terminal injury of the nervous fiber took place, as shown by 
the final disappearance of the recorded spikes. When the 
frequency at which the oscillation of the baseline was observed 
at a giver! intensity was slowly increased, a range of values 
icr 
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was reached at which the mplitude of the base line oscillation 
increased progressively with time (intensity and frequency 
being constant) till final disappearance of the spikes (Fig. 18 ) .  
Twenty-one separate frogs were tested: in some cases 
the critical frequency was maintained up to the permanent 
disappearance of the spike data. In some cases the intensity 
of that frequency was decreased till the disappearance of the 
base line oscillation, in order to test the intensity threshold 
for the critical frequency. In a third case, the frequency 
was rapidly increased, at constant intensity, to observe the 
far 'limit of the critical frequency. 
observed that above a certain value, the oscillation of the base 
line disappeared and the preparation couid stand a much higher 
intensity (Fig. 1 9  j . 
In this*ease it was 
The range between the lower and higher critical 
frequency was considered as the critical or resonant frequency 
range. Fig.18B shows diagramatically the overall results of 
10 units thus studied plotting the g level at which no self 
increasing oscillation was observed irs a function *the 
frequency of vibration. As shown a range bet'deen 60-70/sec 
and 150/sec indicates the overall critical (resonant) frequency 
for the ten frog group. The range for a single electrode is 
usually narrower, approximately equal to one third. At the 
center of the critical range an intensity of 1-1.50 g is 
enough to damage the preparation. 
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Conclusions.  Using 21 ins t r tmented  f r o g s  f u l l y  
submerged i n  water a cr i t ical  frequency range producing i n j u r y  
of t h e  nerve and/or displacement of t h e  n e u t r a l  buoyancy 
microelectrodes has  been found. A t  such f requencies  t h e  e f f e c t  
increases wi th  t i m e .  The i n t e n s i t y  threshold  a t  those  
f requencies  i s  from 3 t o  5 t i m e s  lower than  a t  t h e  o t h e r  ranges 
(1-1.5 a g a i n s t  5 4) .  Care &Ave thereforebeentaken t o  s h i e l d  
t h e  package a g a i n s t  such f requencies .  
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Fig. 11. A) Direction and values of the centripetal 
accelerations applied to the instrumented frogs during the 
qualificaticntests on the centrifuge performed at NASA Ames 
Research Center. B) The vestibular and central nervous 
system of the frog are shown diagrammatically: note the 
vestibular nerve and the position of the neutral buoyancy 
floating microelectrode on it. 
Fig. 1 2 .  Recording from a single otolith unit, one larger and 
the other smaller inwplitude. These units respond to steady 
centripetal acceleration in the belly to back direction. Do not 
respond to tail to head acceleration. 
A) During 12 g spinning in the belly to back direction: note no 
change in the  unit ac t iv i ty .  No sigr, of displacement or other 
artifacts. 
B) At arrow, a 5 g acceleration is applied in the tail-head 
direction. Note suppression of firing of the largest unit while 
the smallest one increases remarkably its rate of firing. 
C) 
starts firing again, the smallest decreases its rate of firing. 
No alteration is shown in the preparation behaviour as a result 
of the 1 2  g + 5 g test. 
End of the 5 g spinning (noise underlined). Thy largest unit 
6-1 0 
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Fig. 13. IInd test. Single unit from the semicircular canal. 
This unit responds to transients only, on a large angle, including 
belly to back, and tail to head accelerations. 
A) At arrow, the '12 g spinning starts. Note high frequency firing 
at this point: when the acceleration reaches a steady 12 g the 
unit goes back to its normal rate. The frequency of the discharge is 
proportional to the rate of the angular acceleration increase. 
B) During steady 12  g spinning, 
C) At the end of 12 g spinning, note increase of rate of firing, 
probably for some irregularity in the slow decrease followed by a 
long pause. Normal firing is shown at the end of thgpause. 
D) The position of the frog is changed in order to apply acceleration 
in the tail to head direction. A sudden burst of high frequency 
discharge narks the start of the spinning up tc 2 s. 
E) Spinning up to 6 g. Note 1 )  decrease aEplitude of the spike 
indicating the beginning of injury and 2)  the expected burst of 
high frequency firing going from 5 to 10 g (underlined). 
Fig. 1 4 .  IIIrd test. Single semicircular canal unit simil%E to 
the on0 in test IInd. 
A) Normal activity. At arrows the 12 g spinning starts. Note the 
corresponding high frequency discharge (direction, belly to back). 
B) During the steady 1 2  g note no change in the general characteristics 
of the unit activity. 
C) 6 g constant spinning in the tail-head direction. Note decrease 
of amplitude as indication of the altered condition of the 
Preparation. 
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D) Steady 7 g and back to 0 :  the alteration is permanent. 
Fig. 1 5 .  Upright position of the instrumented frog on the 
shaker for the vibration tests. Vibration in the vertical plane. 
Location of the accelerometex indicated in the figure. The frog 
with the head firmly clamped is completely submerged in water 
throughout the test. .~ 
Fig. 16.  Sideways position of the instrumented frog on the 
shaker. Everything else as in fig. 15 .  
* 
Fig. 1 7 .  Recording of the spike train data from a semi-circular 
canal unit during the vibration test. Upper record? spike data. 
Lower record, accelerometer output. 
A) No vibration. Nornal resting discharge (one spike only appears). 
B) The intensity of the vibration reaches 3 g and above: note the 
beginning of mechanical artefact shown by oscillation of the base 
line. 
C) The vibratory stimulus starts, increasing progressively in 
intensity. Note the increase in frequency of the spike train 
and the occasional firing in dupleta. 
D) Vibration back to 0 :  no alteration exists in the receptor activity 
and microelectrode position. Time value in rnsec, intensity of 
vibration, amplitude of the spike in the figure. 
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Fig. 18.  Same method of recording as in fig. 17. 
Different unit. 
A) At approximately 0.5 g at this frequency (approximately 9U/sec) 
a mechanical artifact is shown (oscillation of the base line). 
At approxisately 1 g (not shown) the microelectrode looses the 
unit. .- 
B) After the unit is lost and the intensity of vibration is 
decreased note the damped oscillation on the base line of the 
upper recorc? (vestibular unit) indicating a resonance effect. Values 
of time, intensity and amplitude as in fig. 15. 
C )  Diagram showing the critical frequency €or the appearance 
of the mechanical artifact in 10 units. On the "x" ~ 
axis frequency in cy/sec. On the "y" axis, intensity in g. 
The value of acceleration were acquired directly from the shaker. 
Each point corresponds EO the mean and standard deviation of the 
intensity of the xitical frequencies of the 10 units group. As 
an index of the onset of the critical frequency range, the value 
- 
of "g" and of frequency were taken corrisponding to the start of 
an evident oscillation of the base line. The disappearance of 
such oscillation was taken as the end of the critical freqnency 
range for the unit. 9ra 
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Fig. 19. Same method 
A) At about 1 g and a 
as in fig. 17. 
frequency of approximately 75/sec 
this preparation shows the beginning of mechanical artifact 
as indicated by oscillation of the base line. 
B) Increasing the frequency of the vibration to llO/sec the 
mechanical artifact disappears even increasing the intensity 
to approximately 5 g. Values of time, intensity and amplitude 
as in fig. 17. 
. -  
6-14. 
. 
0-129 I 
I ’  I 
Fig. 11 
6 -15 
J 
Fig. 12 
6 -76 c 
I------ 
$ 
I sec b 
1 
Fig. 13 
6 -17 
\ 
I sec 
Fig. 14 
6-18 
\ 
Fig. 15 
Fig. 16 
6-19 b 
70 mstc  
8 
10 msec 1 I I 
e t 
100 Kx) 3%l 400 500 M Z  
0 SIN-FREQENCY CY/SCc 
Fig. 18 
1.r 
6-20 
Fig. 19 
SECTION 7 
PREPARATION FOR THE FLIGHT 
7.1 THE PROBLEM OF MULTIPLE PREPARATIONS WITH A VERY SHORT 
TURN AROUND TIm 
_.  
The main problem connected wi th  t h e  Scout launch of 
t h e  OF0 mission was I) p r e c i s e  t iming and 2)  t h e  need of being 
ready f o r  a r e p e a t  mission i n  case of  f a i l u r e  with a minimum 
t u r n  around t i m e .  The complexity of t hese  problems w i l l  be 
immediately clear by t h e  simple inspec t ion  of t h e  schedule f o r  
t h e  b io log ica l  p repa ra t ion  (Table 1 ) .  A s  it is t h e  case f o r  
a l l  b io log ica l  work t h e r e  is a l a r g e  factor .of  unce r t a in ty  a s  
fa r  as t h e  r e l i a b i l i t y  and du ra t ion  of t he  prepara t ion  is  
concerned. In  t h i s  case  i n  which two f rogs  were used wi th  
fou r  e l ec t rodes  implanted (one i n  each v e s t i b u l a r  nerve)  t he  
requirements w e r e  p a r t i c u l a r l y  severe  e s p e c i a l l y  as t h e  
prepara t ions  w e r e  due t o  l a s t  several days and t h e  Reed f o r  
two p e r f e c t l y  working p repa ra t ions  was imperat ive a t  e x a c t l y  
t h e  t i m e  of t h e  loading i n t o  t h e  package and then  t o  t h e  
rocke t .  Anyone connected wi th  b i o l o g i c a l  works knows t h a t  a 
c e r t a i n  chance e x i s t s  t h a t  however c a r e f u l l y  a p repa ra t ion  is 
made something might go wrong. I n  t h e  labora tory  t h i s  i s  not  
abso lu t e ly  e s s e n t i a l  a s  t h e  experiment can be postponed o r  
another  animal can be s u b s t i t u t e d  i n  t h e  event  t h a t  t h e  f i r s t  
p repara t ion  d e t e r i o r a t e s .  For t h e  OFO-A f l i g h t ,  however, t h e r e  
w a s  a deadl ine  of no r e t u r n .  I f  both prepara t ions  w e r e  no t  i n  
* 
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good condition six hours before the flight, the flight itself 
had to be postponed with all the problems that any such 
decision involves. In order to solve this problem the only 
possible safety was in having such a large number of froos 
fully instrumented that the chances of not finding a couple in 
good working condition would be minimized. Prelininary work 
has shown that there was near certainty that at least 30% of 
the prepared frogs would be in a perfect working condition at 
any given time, for each stage of preparation some of the 
animals eitner died or were not suitable for the continiiation 
of the surgery. To reach a final number of at pleast six frogs 
in perfectly good condition it was planned to start with 2 4  at 
the first stage and at the third stage have 12 prepared and 
another 1 2  in reserve. P.s shown in Table 1 , the  teaniwork 
allowed a continuous substitution of the deteriorated specimens 
so that in the end six frogs were completely instrument. Other 
specimens were kept ready at each stage so that they could be 
processed further when required with a very minor delay. It 
was calculated that this allowed a minimum turn arouM tine of 
48 hours. In fact except on two occasions two good preparations 
were always available out of the six implanted at least 2 4  
hours earlier. This elapsed time allowed both the stabilization 
o f  the firing rate of the vestibular unit and the inspection of 
the animal for general welfare (see previous Section). As 
the animals were kept in 0 saturated water two advantages 2 
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appeared: 1)  t h e  poss ib l e  t o x i c  e f f e c t  of O2 could be de t ec t ed  
p r i o r  t o  t h e  i n s e r t i o n  of t h e  f r o g  i n  t h e  FOEP and 2) t h e  f r o g s  
w e r e  a l ready  p a r t i a l l y  sa tu ra t ed  with O2 which decreased t h e  
f lu sh ing  t i m e  of t h e  FOEP a f t e r  t h e  animals were introduced i n t o  
it. 
_ -  
The prepara t ion  f o r  t h e  f l i g h t  and t h e  t e s t i n g  p r i o r  
t o  t h e  a c t u a l  launch w a s  performed as fol lows.  
P r i o r  t o  launch t h e  two f rogs  s e l e c t e d  f o r  t h e  f l i g h t  
were implanted 24 hours  earlier t o  allow observa t ion  of t h e  
f i r i n g  of each of t h e  four  s e l e c t e d  v e s t i b u l a r  u n i t s  f o r  a t  
least  one day. The animals w e r e  kep t  i n  oxygen s a t u r a t e d  
water a f t e r  having been placed on t h e  co r re spondbg  cen t r i fuge  
end caps ,  instrumented with EKG e l ec t rodes  and microelectrodes.  
The u n i t s  w e r e  monitored i n  t h i s  meriod t o  a s s u r e  s t a t i o n a r y  
f i r i n g  and response. Twelve hours before  being t r anspor t ed  t o  
the  pad t h e  cwo frogs Were pos i t ioned  i n  t h e  FOEP 1 €or  t h e  
f l i g h t .  Following the  s tandard  rou t ine  t h e  system w a s  f iushed  
through an open loop oxygen c i r c u i t  i n  t he  FOEP i t s e l f  t o  
- 
dispose of t he  r e s i d u a l  n i t rogen  i n  the  f r o g s  themselves and i n  
t h e  system due t o  t h e  handl ing of t he  package: t h e  presence of 
n i t rogen  i n  f a c t  would decrease  t h e  POZ1. Pe r iod ica l  samples of 
cen t r i fuge  water were t e s t e d  f o r  oxygen content .  The open 
oxygen loop w a s  maintained till t h e  PO2 reached approximately 
700 nun Hg.  The loop w a s  then c losed  and t h e  system supp l i ed  by 
the  FOEP oxygen conta iner .  The w a t e r  PO was tested again  and 
66= 
2 
7-3 
this procedure repeated several times till the PO2 was maintained 
at slightly above 700 mm Hg. The FOEP was then ready to be 
placed into the canister. This being done, ground control data 
were acquired and stored on analog tape: such data were: (fig. 40) 
1. 20 minutes of activity of the four units at rest; 
2. a number of single centrifuge spin cycles, 
- -  several minutes apart; 
3 .  a number of triple cycles during which the 
centrifuge was restarted as soon as it stopped; 
4 .  10  additional minutes of data immediately following 
the last centrifuge cycle. + L 
At 0.15 p.m. of November 9, 1971, the flying unit was 
carried to the pad and installed in the spacecraft. During the 
entire period preceding the Lift cff the activity of the fcur 
vestibul-ar units and EKG of the two frogs were tested periodically 
during radiation period. The data were recorded on a strip 
chart and on analog tape. Starting approximately from 10 
minutes before the lift off, data have been recorded continuously 
and the recording was carried out without interruption tuough 
the entire lift off up to injection in orbit, when the satellite 
disappeared beyond the horizon. 
7.2 THE QUICK LOOK ANALYSIS P R O G W  P.T GODDARD 
hs the results of the flight were largely unknown 
some preliminary hypothesis have been made on which a flirjht 
program has been established. (To be discussed in 7.3.) 
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The program provided t h e  p o s s i b i l i t y  of adapt ing  new experimental  
condi t ions  according t o  t h e  f i r s t  r e s u l t s  of t h e  f l i g h t  i t s e l f .  
It w a s  decided t h a t  t h e  d a t a  of t h e  f i r s t  24 hours  be used as 
a base f o r  choosing of t h e  fol low up. A quick look a n a l y s i s  of 
t h e  d a t a  a f t e r  t h e  f i r s t  2 4  hours i n  t h e  mission was t h e r e f o r e  
necessary t h a t  would a l l o w  t h e  reaching of s u f f i c i e n t l y -  clear 
conclusions i n  t i m e .  A maximum of 1 0  hours w a s  set a p a r t  f o r  
such a program- The quick look a n a l y s i s  w a s  as fol lows.  F i r s t  
of a i l  t h e  d a t a  incoming from t h e  Rosman S t a t i o n  only  w e r e  
considered as they could be s e n t  t o  Goddard immediately a f t e r  
rece iv ing .  These d a t a  w e r e  recorded d i r e c t l y  thus  minimizing 
the  b a s i c  noise  as t h e  d a t a  d i d n ' t  go through an additional 
t ape  recorder  before  reaching t h e  experimenter.  From t h e  
b io log ica l  p o i n t  of view t h e  wel fare  of the  f r o g s  w a s  
continclously monitored, on a Brush recorder ,  t h e  EKG of t h e  
f r o g  from t h e  incoming d a t a  of t h e  Rosiiian S ta t ion .  The d a t a  
upon t h e  a r r i v a l  a t  Goddard w e r e  immediately e d i t e d  f o r  no ise  
and a r t i f a c t s  and d i g i t i z e d  and then  reduced according t o  four  
d i f f e r e n t  computer programs. 
- 
1. The t i m e  h i s t o r y  of t h e  a c c e l e r a t i o n  p r o f i l e  and 
.4br of t h e  i n t e r s p i k e  i n t e r v a l s  as a func t ion  of t i m e .  
2 .  The i n t e r s p i k e  histogram of t h e  s teady  s ta te  
f i r i n g  dur ing  t h e  a c t i v i t y  a t  rest and t h e  f i r s t  and second 
ha l f  of t h e  c e n t r i f u g e  run a t  cons t an t  speed. 
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3 .  The changes in the interval value as a function of 
the positive acceleration transient during the increased speed 
of the centrifuge. 
4 .  The same as a function of the logarithm of the 
acceleration on the assumption that the response might follow 
the Weber-Fechner law. This could be immediately displayed on 
a stereo display and if necessary enlarged. 
An additional program was also added providing an 
enlarged histogram. Photographic hard copies were provided 
simultaneously and couid be examined immediately (Fig. 20) 
and such a program was rehearsed previously a nu6ber of times 
with data collected during simulated missions on the ground and 
it proved to be satisfactory. 
7 . 3  FLIGHT PROGRAM FCiTIONALE 
The flight program was established taking in to 
account all possible results. 
1 .  All the information were provided regarding the 
activity at rest for at least six minutes after the centrifuge 
cycle and for one and a half minutes before the centrjaqe cycle. 
2. The centrifuge cycle provided information both 
during static and dynamic stimulation. The first durinq the 
increasing and decreasing speed of the centrifuge and the 
second during the rotation of the centrifuge at a constant speed. 
The changes that might be expected in the gravity 
sensitive vestibular unit activity during the space flight 
7-6 d 
consisted in an alteration of 1) the spontaneous firing in the 
absence of any rotatory stimulation; 2) the response to rotation 
both during the increase and decrease of the acceleration 
and during the constant 0.5 g period: 3) the after discharge 
period following the end of the rotatory stimulation. Accordingly, 
after the first 24 hours and the evalustion of data, one of 
three routines (A, B or 6) were to be followed. [Table 2) 
First 24-hour test. The standard test is the one with 
normal centrifuge cycling. 
Hour Test N. (Standard) 
1 1 - within 5-10 minutes after injection into orbit 
2 - 30 minutes from initial launch * 
3 - 30 minutes from previous test 
2 4 - 30 minutes from previous test 
5 - 30 minutes from previous test 
3 6 - 30 minutes from previous test 
7 - 30 minutes from previous test 
- 
From hours 4 through 25, one test every hour. 
Between hours 26 and 36 there will be a ten hour interval for 
acquisition and analysis of data and to prevent the otoliths 
adjustment to the routine. 
qer 
Routine A - Standard Test. If the first 24-hour tests 
show a) no change from norm or b) change from norin without any 
trend toward adaptation, this routine will be used: 
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3 
4 
5 
6 
Tests 4, 5, 
5 w i l l  're every 
20 minutes 
47 
48 
49 
50 
51 
52 
53 
54 
Hour Test N. -
37 1 
38 
39 
40 2 
41 
42 
43 
44 
45 
46 
Hour Test N. -
55 9 
56 
57 
58 . _ _  - 
59 
60 
61 I O  
62 11 
63 
64 
- -  
* 
65 
66 $ 2  
67 
68 13 
69 
70 
71 
72 14 
uJ.e 
15 - will follow test 1 4  
by 10 minutes 
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Routine B - Routine B will be used if the first 24- 
hour data showed changes in the spontaneous activity in the 
absence of any stimulation, and if these changes varied during 
the previous 24-hour flight by becoming either more severe or 
showing habituation. 
Hour Test N. Hour Test N. -
37 1-8 minute recording 54 
without rotation 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
2 - same as test 1 
3 - standard test 
55 
56 
57 
58 
59 
4 - same as test 1 60 
5 - same as test 1 
6 - standard test 
7 - same as test 1 
61 
62 
63 
64 
65 
66 
67 
68 
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9 - same as test 1 
10 - standard test 
1 1  - same as test 1 
12 - same as test 1 
Hour T e s t  N.  -
8 - s tandard  t es t  
50 
51 
52 
53 
T e s t  N.  
13 - same as test 1 
14 - s tandard  tes t  
15 - s a m e  as tes t  1 
Comments - The tests i n  t h e  same hour are t o  be 
performed consecut ive ly .  Immediately a f t e r  maneuvering, tests 
without  r o t a t i o n  and s tandard  tes ts  are t o  be a l t e r n a t e d .  
Example: 42nd h r  = maneuver = test without  r o t a t i o n  
* 
45th hr = maneuver = s tandard  tes t  
The scope of Routine B i s  t o  s tudy changes i n  spontaneous 
a c t i v i t y  c f  t h e  o t o l i t h  due i o  weight lessness .  Consequently 
a) tests without  r o t a t i o n  a r e  performed s e r i a i i y  t o  detect t h e  
t r e n d  and t i m e  course of t h e  change; b) tes ts  without  r o t a t i o n  
are performed c l o s e  t o  maneuvering, which produces acce le ra t ion ,  
t o  a s ses s  the in f luence  of a r t i f i c i a l  g r a v i t y  on a spontaneous 
a c t i v i t y ;  c)  tests without  r o t a t i o n  are performed immediately 
a f t e r  a s tandard t e s t  t o  s tudy the  e f f e c t  of 0.5 g a r t i f i c i a l  
g r a v i t y .  
* 
Routine C - Routine C w i l l  be used i f  t h e  f i r s t  24- 
hour d a t a  show changes mainly of responses t o  a c c e l e r a t i o n  and 
of t h e  af ter  e f fec t ,  and if these  changes show hsb i tua t ion  or 
become l a r g e r  dur ing  t h e  previous 2 4  hours. 
Hour 
69 
70 
71 
72 
-
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! 
f 
f 
I 
i 
! 
I E 
i 
t 
f 
f 
Hour -Hour Test N. -
3 7  1 - standard test 53 
2 - standard test 
immediately after test 1 
55 
3 - standard test 
followed by additional 8 56 
minutes of recording 
without rotation 5 7  
38  58  
39  59  
Test N. 
* 
19, 1 1 ,  12 same as 
tests 1, 2, 3 
4 0  
4 1  
60  
61 
42 
43 
44 
45 
46 
47  
48  
49  
4, 5, 6 sames as 62 
tests 1, 2, 3 
63 
64 
65 
66 
5 7  
6 8  
7, 8 ,  9 same as  69 
tests 1, 2, 3 
SR 
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Test N. Hour Test N. - Hour -
50 70 
51 71 
52 72 13, 1 4 ,  1 5  same as 
tests'l, 2 ,  3 
Additional triple tests consisting of two consecutive standard 
tests followed by standard test plus 8 minute recording should 
be performed after each maneuvering. 
Comments - The purpose of Routine C is to study 
changes of responses and especially possible prolonged rebound 
changes of the spontaneous otolith activitx following the end 
of rotation. Consequently, a) two standard tests close together 
are performed to sea if the stimulation applied ciuring an 
abnormal after activity produces a summation effect; b) the 
recording of the otolith activity following the rotation for zn 
additional 8 minutes time w i l l  provide information on a time 
course of the after effects, hopefully until return to normal. 
As shown the tests are more widely distributed in time as the 
main interest here is the time course of the changes during fligh 
.. 
e- 
Routine D - This routine will be operated if the 
experiment is extended beyond the 72 hours. This will require 
that sample data from the last ten hours of the flight be made 
available to the experimenter to establish: a) if the 
experiment is still active and shows no tendency toward 
deterioration; bf which are the main characteristics of the 
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otolith's spontaneous and evoked activity after 72 hours of 
space flight. 
experiment will be further continued following A ,  B or C 
respectively until the termination of experiment. 
On the basis of the information from b above the 
From the preliminary analysis during the flight, 
two main changes were observed: 1) in the spontaneous activity 
at rest and 2) in the response to decreasing acceleration and 
after discharge. Therefore, after the first 24 hours it w a s  
decided to continue the experiment according to Routine C; in 
addition to perform a number of records without activating 
the centrifuge cycle as in Routine D. The final data reduction 
seems to justify this decision. It was found therefore that 
the quick look analysis was adequate to its purpose. 
-c 
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Fig. 20. 
obtained from the video display at Goddard (7th day of flight). 
continous line acceleration profile during the turning of the 
centrifuge. The black dGts correspond to the consecutive interspike 
intervals measured from the base line. 
Examples of the time history of the interspike intervals 
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i TABLE 1 
l.st Stage: demotorization of 24 frogs (all branches of tho- 
racic and lumbar plexuses are cut). 
2.nd Stage: surgery on vestibular nerves; wiring for 
microelectrodes and preamps; removal of tongue ( 2 4  frogs). 
3.rd Stage: inspection of vestibular preparations; insertion 
in endcaps. Preamps and EKG electrodes are fixed on frogs: 
EKG tested ( 1 2  frogs out of previous 2 4 ) .  
4.th Stage: microelectrodes are implanted and tested; 4 frogs 
are inserted in FOEPs (6 frogs or more are prepared). 
Test in FOEP: base line data are recorded on tape from FOEPs 
with fully instrumented frogs; some replacing of the animals 
is possible. 
Exercise at Goddard: with data of previous "test in FOEP" analysis 
through computer is performed at Goddard, for base line data and 
program training. 
First, second and third quick analyses: data from previous 2 4  
hours' orbital flight are analyzed to determine (1) success of 
the mission, ( 2 )  choice of routine a, b, c for continuation of 
mission. 
* - 
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TABLE 2 
Standard r o u t i n e ( f i r s t  cn toF)and r c u t i n e  A ,  B, C. 
The s tandard  r o u t i n e  ope ra t e s  a u t o c a t i c a l l y  dur ing  t h e  f i r s t  
24 hours of t h e  d s s i o n .  
Routine A, B, C are s e l e c t e d  f o r  t h e  proqress  of t h e  rr iss ion.  
For d e t a i l s  see t e x t .  
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SECTION 8 
FINAL ANALYSTS 
8.1 DATA ANALYSIS 
8.1.1 The Health condition of the Frog .___ - 
The condition of the frog has been investigated on the ground, 
during lift off, and in orbit by the examination of the EKG. This 
was particularly easy for Frog B as the EKG was clear from noise 
all the way through the experiment, whereas for Frog A noise appeared 
after 24 hours of flight in such a way that at Ti48 the EKG was 
difficult to examine. 
units should be limited to the first 40 hours of flight in this Final 
Report; insufficient indication of the health conditions would introduce 
some doubt on the interpretation of the observed changes. 
It was felt therefore that analysis of Frog A 
* 
The EX'; frecjuency zppearcd to be only  a func t io r .  of 
temperature following the same general relationship as shown in 
the ground control experiment (fic. 21). AS it appears from the 
changes following the temperature variation within the observed 
range the heart rate showed a non linear relations with the 
temperature. 
increasing and when the temperature is decreasing. This is due 
to the thermal inertia of the frog body the deep temperature 
of which lags behind the water changes. In fact the temperature 
sensor was placed in the FOEP in the output of the centrifuge 
water and therefore a difference certainly existed between the 
A certain shift appears when the temperapure is 
core temperature of the frog and the one measured. The 
correspondence between the changes shown during the flight and 
in the control experiment on the ground (8.2) are important as 
it demonstrates that the 0 g condition did not alter the frog 
circulatory system. This was to be expected owing to the fact 
that even on the ground the frog, being kept submerged in water, 
was subjected to a condition very similar to the one in weight- 
lessness as far as circulation is concerned. The response to 
temperature changes also indicates that all the controlling 
systems of the heart and circulatory complex were functioning 
properly as on the ground. It may be added that, as it will 
be discussed in Part 8.2, for the same temperature ranges no 
difference appears in the general behavior of the EXG whether 
the frog is in air OK submerged in water. 
0 - 
The detailed analysis of the EKG waves and especialiy 
the R and the T also showed these electrical events to be 
within the physiological range throuqhout the flight (Pig. 22). 
The QSR complex - T wave cofiduction time too remains within the 
physiological limits. The analysis of the P wave and of the P-QR 
has been difficult to assess owing to the fact that the F wave 
is, small and it tends to disappear in the noise of the records 
but whenever it was possible to measure this parameter it appeared 
to be normal and equivalent to the one recorded on the ground. 
Particularly important is the fact that the T wave remains 
at the proper amplitude and duration throughout the entire 
w-9 
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mission. In fact a change of the T wave in the sense of increasing 
amplitude and duration is the first index cf stress on the heart 
due to hypoxia. Although this change is reversible, it is an 
important factor that none of such indications or cardiac 
sufference was detected even during lift off. This seems to 
prove that submersion in water effectively cushioned the high g 
and high vibration impact especially during the prolonged firing 
of the first stage and during the high thrust acceleration 
corresponding to the firing of the third and fourch stages. The 
EKG recording performed on the pad also appears to show values 
within the normal range when related to the temperature, which 
was kept within the prescribed limit. 
temperature below the accepted values between the 9th and 15th 
hour in the missior, the EXG rate showed the expected decrease 
and the relationship with +he teinperature seaxwd t~ deviate 
from a linear function as it happened during the control 
experiment on the ground [see 8-2) .  Also the fact that the 
EKG waves however did not show a reduction in amplitude seems 
to indicate that the animals were not in a stressing condition. 
In fact the recovery was prompt and as soon as the te%perature 
reached again the required level, the heart rate reverted to the 
value corresponding to the temperature itself. It must be 
emphasized here, however, that a complete control of such events 
was possible mainly for Frog B because of the noise of F K O ~  A 
already indicated in the beginning of this Section. However 
. 
During the decrease of 
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at T+48 hours in the mission (Fig.22 E) the EKG of Frog B, 
although regular, showed a decrease in frequency and slightly 
in amplitude. 
I 
In conclusion it can be said that the entire mission 
from the standing on the pad throughout the lift off and during 
the 155 hours in orbit did not show any unexpected change in 
the cardio-circulatory system and it followed closely the 
behavior already observed during the simulated missions on the 
ground, at least for Frog B. 
8 . 1 . 2  The Activity of ths Vestibular iJnits 
I. Identification of the Unit Pulses. 
After the first quick inspection bf the four channels 
* 
of vestibular activity during waiting on the pad, the lift off 
and the mission in comparision with the previous data on the 
grcuxd of the same unit the foliowinc; observations were 
immediately possible. 
1.  In at least three channels, Frog €33-4 and Frog A2, 
the signal to noise ratio was quite satisfactory and computer 
analysis of a large number of superimposed tracings showed the 
pulses to be well recognizable with the typical-arameters of 
a normal nerve action potential (Fig.23 ) .  The characteristics 
of these potentiais remained constant on the ground, on the pad, 
during lift off and throughout the mission indicating that 
recording from the same miit was extremely likely. Some stations 
especially Johannesburg appeared to be noticeably noisier than 
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others but this did not make tie spikes detection more difficult 
(Fig.24 ) .  Frog ~1 was, however, a problem owing to the low 
signal to noise ratio (due to the high noise level typical of 
this channel). A special. computer program for the identification 
of the spikes has been devised (see later). 
2. During lift off no mechanical artifact was noted 
even during the firing of the rockets indicating that the 
chronic microelectrode technique was even more successful than 
originally throught. However, owing to the strong stimulation 
provided by the high acceleration level a remarkable recruiting 
(Fig.2SBC)appeared during the rocket firing making it very 
difficult to identify the original pulse that was being evaluated. 
During coasting (Fig.25D) the recruited spikes disappeared or 
at least went down to an acceptable level so that the original 
unit could be easily recognized and analysis of it became 
possible again. However, a computer progrElm is being studied 
for possible identification of the original spike even within a 
large number of intervening spikes due to recruiting. This 
program is a modification of the one used for identifying spikes 
covered by noise (see later) but it will require an additional 
study and cannot be included in this final report. I f m e  
program is successful, additional information on the behavior 
of the vestibular Unit6 during high cj acceleration corresponding 
to the firing of the thrust motor will be provided in due tine. 
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3 .  In the second channel of Frog B and also in the 
first, it appeared that smaller sized spikes were present 
(Fig. 26) and could be analyzed separately by proper computer 
programming (Fig. 27 A, B, C, D). Such a program consists in 
identifying typical parameters of the action potential like the 
duration and steepness of the rising part of the spike, the 
duration of the spike itself as measured between the onset of 
the spike, the peak and the end of the down stroke of the spike 
itself (points a, b, and c in the figure) and measuring the a r m  of th 
resulting triangle. As it is shown in the figure in thi.s way 
even a spike the amplitude of which is wlthin the amplitiide 
of the noise can be detected and isolated and statistical 
analysis performed. Two of such spikes have been already 
found in channel three (Fiq. 26 - Frog El) and further studies 
will be made later on on this matter. 
As a standard methodan average of 60 spike data 
has been used to provide the basic information on the parameters 
of the action potential of each unit studied in order to 
eliminate the effect of the noise superimposecLon the spikes 
themselves (see Fig. 2 8 ) .  Computer analysis was used to make 
sure that the parameters thus identified were kspt within 
narrow limits: and, theferore, that the recording was performed 
from the same unit throughout the entire mission starting with 
the ground data. The alterations of the spikes due to telemetry 
(especially because of the lower telemetry frequency response 
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than the one used in the laboratory (2000 cycles instead of 
5000)) were so minor (the spike appears slightly longer in 
duration and a little flatter) to be well within the limit of 
the instrumental error and no different from what might be 
observed in a prolonged recording in 1.aboratory conditions. 
The difference between different spikes were quite evidently 
much larger (Fig. 23) so that identification of each one spike 
appeared to be easy. 
4 .  The statistical analysis of the spike train data 
requires that no additional spikes intervene as this event would 
alter tie results. It is obvious that visual inspection is not 
feasible in an experi.ment of this sort in which hundreds of 
thousands of date are involved. A special method, therefore, 
has been used which was already ap?Lied during the prelirninary 
data reduction (see Sections 4 and 51, namely, the identification 
of a minimum interval. (on the rationale of this, see Section 4 . )  
The minimu@ interval detection technique was, however, modified 
to adapt it to the handling of a large number of data continuously 
running. In fact the previous technique, as described in 
Section 4 ,  required that the processing of data he made-through 
an extended interspike interval histogram, and it was felt that 
such a technique would take too much computer time. Therefore, 
a simpler method was used as follows: the spike triggered a 
square pulse of .5 millisecond in duration that was continuously 
recorded on a memoscope screen. The first spike would trigger 
* - 
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the time base and the second spike immediately consecutive 
would appear at a given time after the first (Fig.29 ) .  
this way the intervals between the consecutive spik, 0s were 
immediately evident and any pulse that happened to be within 
the minimum interval typical of the unit being evaluated would 
indicate either an artifact or an additional biological signal. 
Such a technique has the advantage that the entire series of 
data can be run continuously with an immediate possibility of 
checking any untoward event with no delay in the tape running. 
With this technique it was possible to: 
In 
a) Identify bursts of noise and artifacts due to 
frog movements, telemetry gap during the radiation of 
housekeeping data and of any other event interfering with the 
vestibular unit firing. The timing of such event was noted on 
the timing code running continuously and the computer instructed 
to ignore data coming within the identified period of artifact 
afteE having identified these as irrelevant. This eliminated 
human error in the data handling. 
b) It allowed the adjustment of the clipping level 
in order to make sure that no additional unwanted biolsical 
signal might suddenly appear at a time among the data to be 
analyzed: at a time a double clipping technique was used as 
follovs. When the nerve spike showed a sizeable second phase 
opposite to the main pulse (Fig. 30 ) the signal went through 
two clippers in parallel. Clipper 1 triggered open, after a 
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delay, a gate which remained open for a certain period of time. 
If during this time the opposite phasc signai from clipper 2 
entered the gate, a square pulse appeared at the 
the gate. In this way, adjusting properly the time of the 
gate opening, biphasic biological pulses only, the two phases 
of which were of given parameters, could result in a pulse in 
the output of the system and all the artifacts could be 
elininated. The block design of the system is shown in Fig.3'1 . 
c) It was possible to determine that a given 
output of 
minimum interval seems to be typical of each unit. This wi?s 
also demonstrated on a large number of units during preliminary 
experimentation on the ground (see Section 4 ) .  
* - 
5. The data analysis was divided in two classes: 
static response and dynamic response. Of the stakic response 
the main problsin was to determine the statistically significant 
sample. As known, this is a very difficult problem and a 
satisfactory answer is far from having been found. Anyway, an 
empirical mean has been devised, i.e., the calculation of the 
sequential mean: it is done by measuring the first interval of 
a given volley of spikes then adding the second one decrmining 
the mean and then the third one to the second and again 
determine the mean and so on. After a certain number of 
intervals, t'ne means appear to be very closely constant (Fig32 ) 
and this was taken as an indication of a statistically 
significant sample. Another way was to use the interspike 
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intervals distribution by means of the interspike intervals 
histograms in different samples of the same number of events 
(Fig. 3 3 ) .  When in a stationary response condition the distribution 
appeared to be closely the saae the corresponding number of 
intervals were taken as being sufficient for  a statistically 
significant sample, 
6. During the static response analysis cf all units 
it has been determined if the units themselves were subjected 
to no stimulation, namely,if the input was functionally zero 
or if a stimulus was present. The only sources of a stimulus 
were the vibration of the water pump providing circulation in 
the FOEP (see Section 4) and the low level linear acceleration 
residual of the g component slowly chanaing below g's. 
This latter appeared to be insignificant for all units. The forme 
r i~tnely,  the  vibration induced by t h e  p w y ,  on ths contrary, 
appeared to be able to stimulate at least one unit during a 
certain period in the mission. This was determined by an enlarged 
interspike interval histogram which showed peaks equivalent to 
the reciprocal of the number of turns of the pump (Fig. 3 4 ) .  
Moreover, a more direct way of determining that-he vibration 
was a positive stimulus €or a particular unit was to trigger 
the time base of an oscilloscope with one spike, recording 
simultaneously the vibratory acceleration curve (Fig. 35) 
averaged through computer to eliminate noise. As shown, the 
. 
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vibratory curve is synchronized in such a way that the envelope 
is quite clear. This technique was previoilsly developed during 
the preliminary work done in Milan in 1 9 6 9  (see Reprint D). 
Both methods could give also some quantitative idea of the 
sensitivity of the unit to that particular kind of stimuius. 
._ 
11. Analysis of the Unit Activity on the Pad and 
during Lift Off. 
While on the pad the attitude of the frog changed 
from when the position of the rocket was horizontal to when it 
became vertical. In both conditions the resulting gravitational 
components lie mostly outside the receptor field of %he 
vestibular units except for a very small vector. In fact while 
khe rocket was horizontal the two frogs were on the side or,e 
left, OZG right and qoFn.; aerticzl they changed from being  on 
one side to a position back down. A s  the vestibular unit has 
been selected to respond from horizontal to head down and the 
receptor field only extends for some 75O on the horizontal the 
side down situation was clearly outside the receptor field as 
it was the horizontal. HOWeVPIK, during the rocket erect- a 
dynamic response was observed, especially for unit 4 (Fig.36 ) .  
As indicated in the previous part the possibility 
does not exist by now to explore the response of the units 
during the actual rocket firing except for the very beginning 
of the first stage firing in unit 3 in which a high frequency 
discharge appeared (Fig.36 f .  The most important results 
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have been observed during the long coasting following the burn 
off of the third stage before ignition of the fourth. A nearly 
immediate decrease in the average frequency of discharge was 
observed (Fig. 36). 
minute, followed by a slowly and fairly linear increase of the 
firing rate till the firing of the fourth stage (Fig.36 ) .  The 
same behavior was observed in all units. This result seems to 
be in agreement with what has been observed during the mission 
only reduced in time, namely, first a decrease in frequency 
and then a slow increase. It is particularly interesting to 
note how the general pattern is the same in the same animal on 
the two sides (Fig. 3 6 ) .  The prolonged recording before lift 
off on the pad lasting more than 20 minutes is good demonstration 
of the stability of the unit on the ground just before the 
launch and provides a good last minute background data for the 
changes observed later. 
This remained at low level for' about one 
* 
It is quite evident during the erection of the rocket 
the step-like increase of activity that follows the step-like 
increase in the corresponding acceleration (Fig.36 ) .  Once the 
new position is achieved the new firinq rate appears to be 
quite constant within the variability limits of the rnit and 
for unit 4 significantly different from the one in the 
horizontal position (Fig36 ) . 
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It also appears how the decrease in frequency, 
although always present, is different for the various 
units with a maximum change in unit B 4 and a minimum in 
unit B 3 .  It has to be kept in mind that the erection 
provokes g forces acting outside the receptor field of the 
vestibular units: the effect is therefore marginal, or due 
mostly to vibration (see Fig. 59). 
The recording immediately after injection in orbit 
was too short for any kind of statistics to be significant 
(only about four seconds before the spacecraft out-reached 
the recording antenna at Wallops). Unfortunately, no information 
exists at this point. However, the coasting between*-he 
third and fourth stage seems tc indicate that the transient 
high g to 0 g does not introduce any new element on the 
observed changes during a steady and extended 0 condition. 
This also will be important on the reappraisal of the 
results obtained during a parabolic flight on a jet plane 
performed with the same technique as described for the OFO-A 
experiment (see Reprint E) . . 
* 111. Data analysis during the Orbital Flight 
4. Steady State Analysis 
Following the results of the control experiment on 
temperature, the data have not been corrected for changes due to the 
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temperature as these were very minor except in the period from the 
9th-15th hour in the mission. The data during steady state 
condition (the firing before and two minutes after the centrifuge 
cycle and during the second part of the centrifuge cycle) are 
given here: a) as a mean frequency versus time diagram, b) as a 
series of histograms of statistically significant samples and 
c) as a number of statistical data (see on top of the histograms) 
as a function of time in the mission. 
For the units that showed subthreshold input (A 2 - B 4 )  it 
is confirmed, as already communicated in the Progress Reports, 
that two main changes are evident. First the frequency of 
discharge decreases to a value significantly smaller than the 
corresponding data on the ground. This lasts fo'r up to 72 hours 
(rig. 37). Sudden period of high frequency firing are observed 
at approximate? intervals of 24-30 hours.4nit B 4 showed the most 
evident lownring of the rate of firing and t h i s  w ~ s  acsompanied 
* 
by typical very short bursts of very high firing. It is 
important to note at this point that such an event was not 
present on the unit of the same frog on the opposite side, 
unit B 3 .  
The analysis of the bursts (Fig. 38)  showed ttfs the 
same unit was involved (Fig. 39 C) and that the frequency of 
discharge started at high frequency, slowed down and then 
disappeared. Analysing the EKG records it was possible to 
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a determine muscular contraction corresponding to minor movement 
as the EKG electrodes are bound to record the electromogram of 
a Large section o f  the muscular system of the frog. It appears 
that the bursts correspond to a movement every time (Fig39B ) .  
Now the question arises whether the movement produces a change 
in the position in the heac? correspcnding to an effective 
stimulation of the otolith system, namely, whether the discharge 
of the vestibular unit is secondary to the movement or whether 
the opposite is true, namely, the discharge of the vestibular 
fiber triggers a response through the descending influence on 
the spinal motoneurons that produces a jerk. It is apparent, 
by the way, that all these bursts of firing and corresponding 
movement have a relatively short duration of about .5 
seconds and they are remarkably similar one to the other. 
More detailed analysis of the snszt of both the vestibular 
discharge and the movement seems to show that the vestibuLar 
discharge starts well in advance to the muscular contraction 
(Fig.39B). 
vestibular discharge is an important factor in determining the 
alterations in the systems controlled by the labyrinth. However, 
it is still very difficult to be sure about this point as such 
an event was not foreseen and it might be that a muscular 
contraction starts before the EKG electrodes are able to 
record it in some particular part of the muscular system. One 
possibility is that these are swallowing movements. The fact, 
+ - 
If this is the case it is very likely that the 
m 
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however, that such movements 1 )  provoke in the unit of the 
opposite side a quite different response, namely, a normal 
change of firing rate followed by some recruiting 
and 2) that such irregular periodic bursts are only visible 
during a very low firing rate seems to indicate a certain 
relationship between an excessive decrease of the vestibular 
unit activity and the production of these jerk like contractions 
of the frog. A second observation might be made, namely? that 
this high frequency firing bursts indicates that the unit is 
functioning perfectly and that, therefore, the decrease of 
activity is not due to deterioration of the unit condition. 
In effect, the firing rate during the bursts--is up to nearly 
100 per second which is the highest possible rate for such a 
unit. The firing mechanisms of the unit, therefore, appears to 
be in norrwl condition snd the decrease must be clue to an 
outside mechanism independent from the spike generation. 
Unfortunately this event has been observed only in this unit 
so far. 
After the 72th hour period t h e u n i t 
p r e s e nt’s an highly significant increase in t b  firing rate 
aqainst the activity on the ground and this condition lasts 
for zbout 15-20 hours. It is then followed by a return to 
normal, namely, to the average firicg rate recorded prior to 
the flight on the ground,preceeded by some hours of loM rate 
firing 
P 
8-1 6 
The variability of each sample was determined by 
the variation coefficient (Fig.40 ) plotted as a function of 
the mean. The curve can be divided in two parts. The first 
part represents the average rate of firing up to approximately 
6 per second ant! the second part from 5 per second downward to 
less than 1 per second. The second past fits nearly perfectly 
in exponential distribution while the first part is very much 
deviated from the expected exponential. 
Normal values appear again starting at the 129th 
hour. There seems to be a quick change around the 126th hour, 
the frequency going down from the high level achieved before 
by nearly half in three hours. 
mean frequency values have been followed for the last six hours 
and they appear to remain constant vithin a very narrow range 
and a spot check around the 145th hour still shows the s a ~ e  
value, namely, after 16 hours. 
* 
For unit 4 ,  for iGstance, the 
A detailed analysis of the variation in the rate of 
firing of unitmis shown in Fig. 41 in which the average firing 
rate has been followed hour by hour until the 23rd hour and then 
every two or four hours up to the remaining 135 hours? A minor 
oscillation of the value is shown with peak high frequency as 
early as around the 19th hour but the beginning of the high rate 
of firing with some high variability is observed between the 70th 
and 92nd hours. A consistent high rate of firing at a lower 
level is, however, present at between the 119th and 126th hours. 
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Comparing these changes with the activity during simulated 
mission on the ground (Fig. 9 A - B) it is shown that these 
variations are highly significant as on the ground the changes are 
limited within a range of 80% average while the changes observed 
in 0 g are up to 1500% and over. A careful check at the period of 
maximum rate of fixing, naniely,the 82nd hour (with some . 
oscillation of value around the 70th hour) shows that the 
input to the unit is still subthreshold, namely, this is not 
the effect of a sudden pick up of the water pump vibration (see later). 
2 .  Unit Responding to Pump Vibration. 
The unit responding to vibration starts showing such 
a response immediately after the first recording $n orbit 
(Fig.42A,B). UnitB3 is particularly significant in this respect 
as the rate of firing on the ground and after return to normal 
(when no respozse t.o vibration was present) appeared to be very 
constant. Compare the three samples on the ground with the 
samples taken from 115th to the 144th horirs. The mean o f  the 
rate of firing only changes very little. In this case 
the return to normal is not only complete but also maintained 
for nearly 20 hours so that the described changes appear to be 
highay significant. 
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The d iscuss ion  of t h e  d a t a  of t h e  u n i t  responding t o  v i b r a t i o n  
has  t o  be made assuming t h a t  t h e  s t i rnul l is  remains cons t an t .  I n  f a c t  
t h e  ana lys i s  of t h e  Vibra t ion  p r o f i l e  due t h e  water pump shows t h a t  
t h i s  i s  t h e  case (Fig.  43), namely t h a t  t h e  i n t e n s i t y  and t h e  
frequency of  t he  v i b r a t i o n  i t s e l f  does not  change dur ing  t h e  mission. 
A t  t h e  same t i m e  t h e  frequency response of t h e  v e s t i b u l a r  u n i t  B3 
shows remarkable p e r i o d i c a l  peaks and d i p s  which i n  t h e  f i r s t  105 h r s  
appear t o  have a varying p e r i o d i c a l  a l t e r n a t i o n  of from 10-15 h r s ,  
t h e  frequency Going from ii maximum of 40 per  sec t o  a minimum of 
approx. 8. It  is q u i t e  r e l e v a n t  t h a t  wherees t h e  maximurn frequency 
could o s c i l l a t e  from 12-40, t h e  d i p  frequency seems t o  remain very 
cons tan t  between 8 and 9 pe r  sec. In  t h e  f i r s t  p a r t  of $he f l i g h t  a 
long per iod  of r e l a t i v e l y  s teady  high f i r i n g  i s  observed l a s t i n g  up 
t o  t h e  75th hours.  Even i n  t h i s  case as  f o r  t h e  o the r  u n i t  (B4) there  
is a sudden chazge between t h e  75th and 82nd hours with the  r a t e  of 
f i r i n g  rzaching a ilew low t o  iess than 1 per  sec. This  i s  followed by 
another  i nc rease  between t h e  96th and 105th hour and then  slowly the  
u n i t  goes back t o  t h e  normal rate of f i r i n g  which, a s  it has been 
mentioned be fo re ,  reaches nea r ly  cons tan t  rate equal  t o  t h e  one on t h e  
ground around the  115th hour. The r e s u l t s  are a l s o  shown a s  a s o l i d  
3-dimensional diagram i n  Fig.  44. All t h e  s t a t i s t i c a l  d a t a  and t h e  
i n t e r s p i k e  i n t e r v a l  histograms are shown f o r  u n i t  A 2 i n  F ig .  45, 
f o r  u n i t  B 3 i n  Fig.  4 6  and f o r  u n i t  B 4 i n  F ig .  47. The o v e r a l l  
d i s t r i b u t i o n  shows t h a t  t h e  inc rease  o r  decrease  of  t h e  f i r i n g  rate 
is mostly due t o  t h e  f a c t  t h a t  t h e  long i n t e r v a l s  are reduced i n  
- 
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number or augmented respectively. The type of distribution seems, 
however, to remain the sanie. Return to normal of the mean frequency 
observed in the last hours of the flight is accompanied by a similar 
normalization of the interspike interval histograms, the parameters 6f 
which closely resemble the ones observed on the ground. 
The most relevant feature of the second steady state condition, 
namely the second half of the centrifuge cycle (Fig. 4 8 ,  unit A2; 
Fig. 49,  unit B 3 and Fig. 5 0 ,  unit B 4 ) ,  is that the changes are less 
pronounced that the ones of the intercycle activity. The variation 
of the responses in respect to the values on the ground considered =1, 
are shown for unit E 3 and B 4 in Fig. 51 A and BL,and the differential 
values in respect to the activity in the intercycle period in Table 3 .  
As in some periods of the flight the tonic discharge disappears when the 
response becomes phasic (between the 34th and 115th hours for unit B 4 
and between the 75th and 105th hours for unit B 3 1 ,  the data in these 
periods are not significant. The units respond only to transients. 
In the remainicg periods the relative lack of change in the steady 
state response is quite evident. As simultaneously the basic intercycle 
activity is deeply modified, the differential firing r e ,  which 
is the relevant information for the analyzing center, oscillated widely 
going from an increase of 500% to a decrease to 0 (Table 3 ) .  
8.1.3.  Dynamic Response 
The dynamic response can be divided into 3 stages: a) during 
the centrifuge cycle the positive transient corresponding to the 
increase of acceleration from 0 to 0.6 4's; b) the negative transient 
from 0.6 g's to 0 followed by a reduced firing after the stopping of 
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the centrifuge and c) the response to vibration. 
f .  Response to Positive and Negative Transients. 
As already reported by several authors (see Section 4 )  the 
gravity sensitive receptors respond to an increase in acceleration 
with a dynamic response that shows an overshoot if the rate of the 
axeleration increase is above a certain critical value. Experiments 
on the ground have shown that the critical change is in the order 
of approx. 0.017 g/sec2 according to the different units. 
The rotational speed of the centrifuge was increased in such a 
way to determine the overshooting. Moreover, it was inpossible to 
avoid a jerk-like start of the centrifuge and the gear effect during 
the rotation. As a result (Pig. 10, 52 and 5 3 )  a higb overshoot 
appeared bringing the frequency of discharge up to about 50 per sec 
in one unit, 60 per sec in another, 34 per sec in a third E S  against a 
mean frequency during constant speed of 10 per sec in one unit, 
48 per sec in another and 22 per sec in the third respectively. 
- 
The overshoot appeared to be higher by a nultiple as 
against the steady state response. The overshoot, as indicated 
by J.Vida1 et a1.(36) could be considered a phasic response,more or less 
pronounced in the different receptors. If, eccording to what 
Vidal and co-workers said, the mechanical part of the otolith 
system enclosed between the basic membrane and the supporting 
jelly is not a purely elastic system but has a certain degree 
vrrr 
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of plasticity or irreversible deformability as shown by the 
multivaluedness of the response found by these authors and if 
such a fact is due to be load in a I g field it was to be expected 
that at 0 g the system would have been mechanically freer. In 
effect the otolith mass would float in such condition and no 
load will, therefore, be applied to the supporting structures. 
However, no consistent increase in the overshoot has been found 
in any part of the flight for any of the units studied: on the 
contrary the overshoot is consistently reduced in some part of 
the flight, especially between the 82nd and 92nd hours all units 
showed a desappearance of the overshooting. The units response was 
similar either to the ones described both in literature qr studied ir 
+ 
the preliminary ground experimentation that didn’t show any 
overshoot at all or to a response to increased angular acceleration 
b d o w  the crfticnl value nentioncd sborc.  The overshco”, effzct 
returned with the same characteristics as in the first hour of 
the flight in the very end of the flight itself starting 
respectively at 119 hours, at 124 hours, 139 hours for the 3 
units maintanining thereafter a constant value. In no occasion, 
however, the overshoot showed the same high firing rate as em the 
ground. Control experimentation on the ground demonstrated that 
the overshoot is somewhat dependent on the gravity 
component so that the more the rotational plane is 
tilted from the horizontal the higher the overshoot firing rate 
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appears.  It can,  t h e r e f o r e ,  be assumed t h a t  the overshoot  i s  
p a r t l y  provoked by t h e  g r a v i t a t i o n a l  cc3mpnent and t h a t  bo th  i n  
t h e  beginning of t h e  f l i g h t  (wi th in  t h e  f i r s t  24 hours)  and 
when i n  t h e  end t h e  response becomes s i m i l a r  to  the  one i n  t h e  
beginning of t h e  f l i g h t  t h e  normalizat ion process  is completed'  
even a t  t h i s  p a r t i c u l a r  a spec t  of  t h e  response.  
.. 
Even t h e  dynamic p o s i t i v e  response (to i nc reas ing  
angular  speed) shows t h e  same p e r i o d i c a l  changes, approximately 
every 24 hours ,  t h a t  has  been descr ibed  f o r  s ta t ic  responses .  
I n  f a c t  a maximum inc rease  w a s  shown a t  T + 3 9  hours f o r  one 
u n i t ,  a d i p  a t  T + 92 hours ,  another  h igh  a t  T + 1 1 2  hours  and 
r e t u r n  t o  normal from 1 1 9  hours la ter .  A second un i t showed  a 
maximum a t  T + 32 hours inc reas ing  f u r t h e r  up t o  t h e  39th hour 
and a low a t  T + 82-92 hours and so f o r t h .  
One of t h e  most s t r i k i n g  f e a t u r e s  of t h e  change 
produced by 0 g is tine modi f ica t ion  froic, t o n i c  t o  phas ic  i n  the  
response,  namely, (Fig52,53)the u n i t s  tend t o  show a prevalence 
of  t h e  dynamic in s t ead  of t h e  s t a t i c  response.  This seems t o  
confirm t h e  hypothesis  by Vidal  and co-workers of t h e  areijptive 
independence between t h e  phas ic  and t o n i c  a c t i v i t y  i n  each 
r ecep to r  poss ib ly  due to  sepa ra t e  mechanisms. The important 
f a c t  he re  i s  t h a t  t h e  dynamic/s ta t ic  response r a t i o  can be 
modified by changes i n  t h e  main v a r i a b l e  
The change from t o n i c  t o  phas ic  i n  t h e  dynamic response t akes  
enviromental  a c t i n g  upon 7 t h e  organ, g r a v i t y .  / 
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place gradually and disappears still gradually at the end of 
the flight. The tonic or static response does not disappear 
completely even at the maximum of the phasic effect (Fig.52,53). 
A complete inversion of response to the negative transient 
(slowing down of the centrifugej is observed during the 
maximum change to phasic of the response. In this case instead 
of a decrease or even a complete blocking of the unit firing 
an increase in the frequency of discharge occurs. In Unit B 4 
(Pig. 53) this is even larger than the response to the positive 
transient. At a certain stage around the 105th and 107th 
hours in the mission it is the only one respoltse present. In 
this extrene condition in which the firing rate of this unit 
increases to nearly 100 per second the static response nearly 
disappears. From the 112th hour on the responses tend to go 
back to normal: the static response increases and the dynamic 
positive response to the negative transient disappears 
progressively. After the 120th hour the dynamic and static 
response of the unit is practically back to the values as in the 
beginning of the flight. e*l. 
Except during the above-described very peculiar 
phenomenon, the responses to the negative transients and the 
after effect following the stopping of the centrifuge remain 
similar to the ones observed on the ground and in the very 
beginning of the flight. Namely, when the centrifuge starts 
decreasing its angular speed the firing rate diminishes 
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till it reaches a value lower than the resting discharge 
frequency. 
the change to a phasic response (Fig. 52,53). The return 
of the response from phasic to tonic includes also the slow 
reappearence of this suppression or slowing down of the firing 
rate during the negative transient. As the two phenomenon seem to 
run in parallel it Looks as if the overshoot during the positive 
transient and the blocking effect of the negative transient are 
linked as a single mechanism. In fact both are dependent and 
proportional to the speed of the centripetal acceleration change 
as it was shown also in control experiments on the around (Fig. l a ) .  
This is also understandable as both are related to a dynamic 
factor and even if the hypothesis holds good that the dynamic 
factor is independent from the static one it is very unlikely 
that two different mechanisms act during the  increase or 
decrease of the receptor firing rate according to the direction 
of the stimulus change. 
This can be observed even at the very beginning of 
* - 
2 .  Response to Vibration. 
A vibratory stimulus k7as present in between the 
centrifuge cycles also,owing to the mechanical artifact of The 
water pump. At the frog head this vibratory stimulus was in the 
order of about 2-3 mg's and its effect on the resting activity 
has been described in the previous sections. As indicated it 
was above threshold only for one unit. During the centrifuge 
run, however, a much higher vibration was superimposed to the 
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centripetal and tangential acceleration. The vibration was 
relatively high (in the order of 100-150 ng's) and it was 
mainly due to the effect of the mechanical transmission o f  the 
motor to the centrifuge itself and to some irregularity in the 
centrifuge run. Another source of periodical stimulus but only 
present on the ground was the 2 g component with a maximum 
period of 1 second (number of turns of the Centrifuge at steady 
rotation = 60/min). To the latter all units responded with a 
modulation of firing rate over and above the change produced by 
the centripetal and tangential acceleration. This corresponds 
to the typical behaviour of the cJravity sensitive receptors as 
indicated in the enclosed Reprint D. Even to the vibratory 
stimulation corresponding to the centrifuge run +the unit 
responded with an appropriate modulation of the firing rafe 
both during the increasing and decreasing angular speed and 
during the constant speed period of the centrifuge cycle 
In this case the unit was able to respond differen- 
tially to the linear acceleration and the vibratory one. 
However, the situation was modified during the higher response 
in the phasic period and during the overshoot as in this case 
the units seem to have reached the maximum possible firing rate 
and the vibratory response disappeared. The response to 
vibration both during the resting activity and during the 
centrifuge cycle (Fig.34 ) ,  as shown by the relative histograms, 
is in accord with the results obtained by several authors on 
* 
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t h e  response of t h e  v e s t i b u l a r  sensory r ecep to r s  to  a s i n e - l i k e  
acce le ra t ion .  I n  f a c t ,  t he  p r o f i l e  of t h e  a c c e l e r a t i o n  dur ing  
t h e  c e n t r i f u g e  cyc le ,  a l though s o m e w h a t  i r r e g u l a r ,  approaches 
c lose ly  enough a s i n e  wave w i t h  a per iod  of one sezond. 
Consequently t h e  u n i t s  followed t h e  s i n e  e x c i t a t i o n  wi th  a 
t y p i c a l  v a r i a t i o n  of frequency of discharge:  t h e  r e s u l t s  are 
similar t o  t h e  ones obtained i n  t h e  labora tory .  ( f i g -  5 4 )  
Owing t o  t h e  v i b r a t i o n  superimposed t o  t h e  l - inear  
change i n  acce le ra t ion  dur ing  t h e  per iod  of i nc reas ing  speed of 
t h e  c e n t r i f u g e ,  t h e  o r i g i n a l  p l an  of p l o t t i n g  t h e  change i n  the  
f i r i n g  rate of each u n i t  a g a i n s t  the g chanae has been d iscarded  
as it w a s  f e l t  t h a t  it would no t  be s i g n i f i c a n t .  1% f a c t  i f  
any decrease of  t h e  acce le ra to ry  s t imulus  t a k e s  p l a c e t a  blocking 
e f f e c t  appears on t h e  u n i t  f i r i n g  and, t h e r e f o r e ,  t h e  c o r r e l a t i o n  
between t h e  9 level and t h e  f i r i n g  r aze  i s  a l t e r e d .  This  i s  
found t3 happen i n  t h e  down s t r o k e  of t h e  s i n e - l i k e  v i b r a t i o n s .  
An a t tempt  t o  c o r r e l d t e  t h e  peak of t h e  f i r i n g  r a t e  wi tn  t h e  
peak of t h e  v ib ra to ry  s t imulus  and t h e  d i p  of t h e  f i r i n g  rate 
and t h e  lower va lues  of t h e  a c c e l e r a t i o n  during t h e  down s t r o k e  
of t h e  v ib ra to ry  s t imulus  d i d  no t  seem t o  provide meaningful. 
information o r  ts i n d i c a t e  a simple enough r e l a t i o n s h i p  between 
t h e  increase i n  a c c e l e r a t i o n  and t h e  inc rease  i n  f i r i n g  rate. 
- 
.sha 
8 .1 .4  Shape and Ainpfitude of t he  Bio logica i  P u l s e s  
The hypothesis  can be forwarded t h a t  a p o s s i b l e  
a l t e r a t i o n  of t h e  shape and amplitude of t h e  a c t i o n  p o t e n t i a l s  
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might result from the 0 g condition owing to some mechanical 
effect at the membrane level due to the differential density of 
the structures and the surrounding tissue fluid. T o  test this 
hypothesis careful measurements have been made of the shape of 
the units sampled on the pad and during the flight. Moreover, 
a direct evidence has been provided by superimposing the spikes 
recorded on the pad and during the 0 g condition. 
No significant difference appeared. It can, therefore, be 
concluded that gravity does not seem to exert any influence on 
the basic mechanism of the spike generation. 
8 . 2  CONTROL EXPERIMENTATION 
As known, during the flight two main failures were 
observed. First, an increese of pressure di,fe to oxygen leakage 
in the canister up to 11 psi and second, owing to the malfunction 
of a temperature control command, a decrease of temperature, 
below the tolerance, to 55OF. in a period of about nine hours. 
8.2.1 Effect of Increased Housing Pressure 
Three control experiments have been performed increasing, 
by means of O2 from an external source, the housing pressure to 
11 psi and studying the effect on EKG and the vestibular units 
firing. 
the units have been investigated each time for two days before 
increasing the pressure. In one experiment the short range 
effect was studied €or about eight hours after reaching the 
full increased pressure. In the othersthe experiment was 
continued for three days after the increased pressure was applied. 
To provide background data the EKG and t$e activity of 
8-28 
The housing pressure was increased by applying 
through a valve oxygen fron a high pressure bottle till the 
required level was reached. The EKG of the frogs was monitored 
as an index of the animal welfare during the entire period and 
the temperature was kept constant within 2OF. around 62OF. (fig.55) 
The observation was limited in all cases to spontaneous activity 
although some centrifuge runs were also performed. It was, 
however, round that spontaneous activity was a better indew than 
the response to acceleration owing to the many variables in this 
latter case. Particularly evident was the case of the short 
range experiment as in this case, at the temperature at which 
the experiment was performed (67OF), the firing rate of one unit 
was nearly constant and, therefore, even minute chgnges of the 
activity was evident (Table 4 ) .  The amplitude aild the shape of 
the action potentials have been studies in order to assess a 
possible zltcreticc due t9 the effect of the excess of nxyqen on 
the nerve directly. As shown in the example of fig. 56, no 
significant changes were observed owing t3 the increased pressure. 
Neither within an hour after the increased pressure w a s  applied, 
nor during the following three days (fig.5?,60,6l)the mean frequency 
changes. Only during the rapidly increasing pressure a &crease 
or an increase in the firing rate could be observed probably 
owing to the dynamic effect on the labyrinth directly (fig.61A) 
or to an increase on the water pump induced vibrations (fig.58-59). 
The EKG of the animal also didn't shown any alteration 
following a long period of increased oxygen tension (fig.61B).After the 
end of the experiment the animal was inspected for general health- 
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including the study of the eye and vestibular reflexes - and 
found normal. An additional and direct evidence that the 
increased pressure in the canister during the flight didn't 
alter the vestibular responses and the general welfare of the 
frogs appears from the investigation of the activity immediately 
before and after the pressure was applied during the flight. 
No relevant change was observed. - 
The absence of any effect on both the EKG and the 
nerve activity of the frog when the already high P O 2  is further 
increased by nearly .7 atm. seems to further confirm the 
conclusion reached in Section 4 ,  namely, that for this 
particular animal the tolerance to PO2 when the O2 is physically 
dissolved in water is sufficiently high that even an increase 
by nearly double the partial pressure of O2 does not affect the 
animal welfare and function. Tests for oxygen consumptioir of 
the frogs were performed in order to assess the O2 needs in the 
condition of the flight, with the same technique as described 
in Section 4. These tests have been made in the same period o f  
the year as the flight itself, namely, the beginning of November. 
This is an important fact as it has been proven that %e O2 
consumption of the frog changes very much according to the 
season of the year being maximum during the spawning season. 
As an average the same values as in the previous control experiments 
were found, namely 150-180 ml 02/hr/Kgr at an environmental PO 
mmHg 
8 .2 .2  Temperature Effect 
. - 
of 700 2 
and a temperature of 62-65 Fo. 
Three experiments have been performed in order to: 
1)  establish the effect of temperature within the accepted 
d 
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range during the flight (62OF. 2 Z 0 )  , 2) to see the effect of 
the maximum decrease of temperature (55OF. ) that happened during 
the flight. Figure 4 gives a typical change in the frequency 
of firing of the otolith units and of the EK,G of the same animal 
as a function of a change of temperature between 62.5OF;and 
55 F. As shown, the function seems to be non linear with the 
frequency of firing decreasing as a function of the temperature. 
The smaller periodical changes during most parts of the flight 
from T + 1 9  hours on, exert a relatively minor effect on the 
firing rate. On the contrary on a 10°F. range the variation is 
quite evident. 
8.2.3 Control Experiment on Vibration 
. -  
0 
* 
L 
Two experiments nave been performed in order to 
study the effect of tne vibrations inducea by the water punp. 
It was difficult to s i m u l a t e  the conditions ebservsd during the 
flight. However, a special heavy support was built consisting 
of a cylinder filled with sand to provide a steady base for the 
FOEP (Fig. 55). This was adjusted in such a way that the 
vibration indicated by the accelerometer on the centrifuge of 
the FOEP provided approximately the signal of the Sam7 genercll 
characteristics as during the flight. We assume, therefore, that 
in this condition the three axis accelerometers inside the 
centrifuge in a position equivalent to the frog labyrinth would 
read the net vibration value prevalent durinq the flight. 
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We could only devise this indirect method as we don't 
have any possibility of duplicating the 0 g condition and, 
therefore, to determine the level of vibration inside the 
centrifuge in weightlessness. It was found that at the labyrinth 
level the vibration appeared to be in the order of 2-5 'mg's 
(Figs. 5 8  and 59) and was obviously further decreased through 
the frog head system: previous experiments (see enclosed 
Reprint D) indicate the threshold of the response to sine 
vibrations of the three different vestibular units, namely, 
the semicircular canals, the saccular and utricular receptors. 
The vibration induced by the water pump i s  not, however, 
a pure sine vibration. * - 
In the condition of the 15 units studied so far 
only two *Df the vibration sensitive type showed significant 
response to vibration. ._ 
Further tests made in the laboratory confirmed that 
at the level oe vibration as measured in the FOEP during 
the mission no gravity sensitlve receptors responded to it. 
Therefore, we can reach the conclusion that, except for 
possible different results later on, at least for t& greater 
majority of the gravity receptors the level of vibration 
produced by the FOEP is not enough to provoke excitation: 
thus the response to the vibration itself which was observed 
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during the flight in two of the units, was due to a truly 
significant decrease in the threshold. - 
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Fig. 21. 
the flight. 
temperature effect due to the thermal inertia of the frog. 
Response of the frog heart beat to the temperature during 
Note a delay between the increasing and decreasing 
Fig. 22. EKG of frog A and B, before the flight, during'lift 
off and in the mission. 
A) On the ground in the lab. 
B) On the pad and, at arrows, during ignition of the 1st stage 
and lift-off: some additional noise and irregularity appears, 
probably an artifact at the receiving station. 
C) Coasting 
D) In orbit at T + 12 hrs. Note inversion of the records: the 
upper record is now frog B. In D a relevant noise starts on the 
EKG record of frog A ,  becoming more evident with time, till at 
T + 48 hrs the EKG of frog A nearly disappears. The EKG of frog 
B remains normal till T + 144 hrs when, although regalar in shape 
and frequency, it becomes m m h  smaller. 
Time and amplitude in the figure. 
_ -  ~ 
- 
Fig. 23. 
definitely different in shape and duration. 
Gain and time in the figure. 
Samples of B4, B3 and A2 spikes. As shown&they are 
Fig. 24. Unit B3 recorded from the station of Johannesberg 
shows a superimposed artifact {a sine frequency) that increases 
the basic noise. 
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Fig. 25. Otolith Unit B4: A) on ground: B) during 1st stage 
burning; C) during 2nd stage burning; I)) coasting just before 
the 4th stage ignition. A marked recruiting effect follows 
the ignition of the 1st stage in a lesser degree of the 2nd, 
so that the original spike is covered by the firing of many 
units stimulated by the 1 0  g thrust, vibration and possibly 
noise: after the burn off, c?uring coasting, the original spike 
_ _  
becomes evident again. 
The base line does not show any mechanical artifact even during 
the high impact of ignition. The sine waves artifact is due to the 
faulty recording during the traking of the rocket from the ground: 
it appears in all records with the same characteristic-s (see for 
example the EKG in fig. 22. 
L 
Fig. 26.  Recording from channei B 3 .  Beside unit B 3 (arrowed A)  
two more units appear in the record, namely B and C. The three 
units are sufriciently different in amplitude to make it possible 
to reduce them separately by a proper computer programming. 
Lower tracing =output of the centrifuge accelerometer. 
Timi? and gains in the figure. 
* 
Fig. 27. Computer identification of the action potentials of the 
same unit within a noise of the saxe or even higher amplitude 
(see text \ . 
As shown the biological spike, completely covered by the noise (A-B) 
becomes completely free from it ( C ) .  The vertical lines are an 
artifact of the xy plotter and should be disregarded . 
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As a comparison in D the B4 unit is shown with a good signal 
to noise ratio, identified with the same method: spikes of 
different parameters may therefore be analysed separately. 
Gain and time in the figure. _ _ _  - 
Fig. 28. Identification of the spikc data during the flight in 
a number of superimposed tracing (upper record) and as a 
computerized average of 60 spikes (lower record). For details and 
discussion see text. - 
Fig. 29. Identification of a minimum interval Juring ccntinously 
running data in order to make sure that the action potentials are 
recorded from one nerve fibre o n l y .  As the interspike intervals 
only are significzct for this text, each spike triggers a 015 msec 
square wave. The first one starts the time base of a memcscope. 
If the activity of one unit only is recorded, a significant gap 
will follow the triggering spike, in this case of approx. 6 msec. 
If more than one unit is presentI no such gap will appear as 
the intervening signal will fill up entirely the tiwafter the 
first triggering spike. This method allows continous identification 
of any number of biological pulses belonging to a single unit. The 
amplitude of the square pulse can be adjusted to a proper level 
for recording. Note the brightness modulation of the top of each 
pulse. Time (in the figure) 2 msec/div. 
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Fig. 3 0 .  A typical biphasic spike (Unit B4). It must be 
emphasized however that such a shape is mostly due to the 
metal nicroelectrodes - nerve fibre coupling and is not 
the true wave forn?. The biphasic spike allows the double 
clipping described in fig. 3 1 .  ~ - __- 
Fig. 31. Double clipper diagram (for description in detail 
see text). 
- -  
Ficj. 32. Determination of the statistically significant sample 
by means of the sequential mean of the interspike intervals. 
This is done by measuring the first interval t h k  adding the 
second and determining the mean then the third to the t w o  and 
again deternining the mean and so on. At the arrows the mrve 
becomes flat and parallel to the abscissa corresponding to 7 5 0  
intervals approximately. This is taken as a significant sapple, 
The bottom record is equivalent to the upper one but the sampling 
started 3 0  sec later. 
Fig. 3 3 .  Using a dimension of the sample as determad with the 
method shown in the previous figure the interspike intervals 
distribution is studied with interspike intervals histograms of 
three different samples, They appear very much the same. This 
proves that the sampling technique is correct. 
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Fig. 34. Interspike interval histogram in a unit which during 
this period responded to the water pump vibrations. The peaks 
shown in the figure correspond exactly to the 2870 turn per 
minute of the pump. 
_ _  - 
Fig. 35. Response to vibration of otolith unit E3 3 .  
Brightness modulation by the spikes: each spike appears as a 
white dot. 
- B Computer average of the several output runs of centrifuge 
accelerometer. 
- C Raw output of same accelerometer. * 
The time bases are trigsered simultaneously by the first spike 
and a number of runs are superimposed: thus the amplitude cf the 
sine wave acceleration does not correspond to its true velue, but 
is only shown to indicate the time parameters and shape of the 
vibration. The synchronism between the spikes and the sine wave 
acceleration is shown by the appearance of the sine wave itsel€ 
(see reprint D). In the ground data and at T + 119  hrsl although 
the vibration is still there (see Fig. 43 the sine wave does 
not appear anymore, as it is not syncronous with the nerve spike. 
- 
41p 
Fig. 36. Otolith Unit B3 and B4 (upper record) : changes in the rate 
of firing during erection of the rocket. Note that at the end of the 
erection the frequency although different that in the horizontal 
position goes back to a much lower value that during the angular 
movement of the rocket from horizontal to vertical. This is due 
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mostly to the vibration effect. 
Otolith Unit B 4 and B 3 are shown before lift-off as compared 
with coasting after the burning off of the 3rd stage engine 
and before ignition of the 4th stage. Unit B allowed the 
recording of the sharp increase of firing rate during the 
ignition of the 1st stage (lift off at arrow), for few seconds 
before recruiting becomes such as to hide the criginal spike 
(Fig.25 
Fig. 37. Unit B4. Changes in the vestibular unit activity during 
the mission with no centrifuge cycle. The main rate of firing is 
shownr both on the grcund and during 144 hours of orbital flight. 
As this unit never showed any response to the water punp induced 
vibration, its activity can truly be ccnsidered at rest. A significant 
decrease in the rate o€ firing is observed in i;he first 21 hoursI 
with a sudden increase at the end o f  this period, followed by 
another period of low rate, up to the 70th hours. This follows 
closely the behavicur cf unit A2 (fig. 45 ) .  A high frequency 
resting discharge builds up progressively from the 70th to the 92th 
hours followed by a low point from the 92  to the 120ths"50urs and 
then by normalization. In this part Unit B4 shows the same trend as 
B3 (fig. 4 2  1 .  
. 
Fig. 38. Otolith Unit B 4: Surst of high frequency firing during 
the very lcw activity observed during the first 70 hours in the 
mission. The burst starts at a very high frequency (above 100/sec) 
and slows down at the end. 
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Fig. 39. Further analysis of the bursts shown in fig. 38 .  
Simultaneous recording from the EKG leads (lower record) 
provides an indication of movement throucrh the recording of 
muscular activity (EMG).  In B the time scale is expanded 
to 50 msec/div to show that the beginning of the discharge seems 
to precede the movements: however a more precise experimental 
procedure is necessary to fully clarify this point. In A and B 
the R wave of the EKG is arrowed (first arrow in A,  second in B). 
In B the assumed start of the EMG discharge corresponds to the 
1st arrow. 
In C the superimposed traces of one full burst shows that the 
action potentials are of nezrly identical shape= belonging therefore 
to the same unit: this is confirmed also by the minimum interval 
tecnique. (fig29 1 .  
Fig. 40. Variation coefficient as a function of the mean of the 
interspike intervals. 
The curve can be divided in two parts. The first, representing the 
means of the intervals showing a duration of up to 150  msec, is 
very much deviated from the expected exponential. The second part, 
up to the maximum intervals corresponding to a low rate of 
firing, fits better the exponential. This is not unexpected as it 
has already been known that there is a difference between short 
intervals and long intervals. 
iib. 
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a 37 Same as in f%t considering the mean frequency Fig. 4 1 .  
at rest on the ground = 1 and the other data as corresponding 
multiples (on the ordinate). Lowest values down to 1/12 and 
peak values up tc 1 6  times. the mean frequency on the ground -are 
observed. 
Fig. 42 .  Unit B3: A) changes in the vestibular activity during 
the mission with no centrifuge cycles. The mean rate of firing 
is shown both on the ground and during 1 4 4  hours of orbital flight. 
However, between 9 and 1 1 2  hours the unit was stimulat6:d by the 
2-3 mil1ig.s due to purp vibration (see fig. 
/ 
_ .  
3 4  ) .  Therefore 
the activity was truly at rest between the 1 0 9  and 1 4 4  hours only: 
the pump vibration however maintained the same charheristics of 
intensity frequency etc. both on the groun3. and during the flight 
(fig. -43).  Therefore the changes shown during the mission correspond 
to a constant input, that becomes above threshold f o r  a certairi 
period of time: note the increased response to vibration at the 
approx. 30th and 72th hours, and the low values (below the one 
on the ground) during the 82-92 hours period. Kcte also the return 
to nornal values after the 119th  nour. E) Same data reduction 
as in fig. 41’1. The described changes appear to be even no- evident 
with this kind cf data presentation. 
Fig. 43 .  Vibration induced en the centrifuge casing a s  
recorded by the centrifuge accelerometer: the values at the 
frog head was attenuated by at least a factor-of 10, being 
therefore in the order of less thsn 1-2  milligs. As shown the 
basic intensity of the vibrating acceleration d ~ e s  not change 
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during the mission and is mostly covered by the amplifier 
noise (see fig. 35 for computer identification of such curve): 
note especially the vibration at T + 70 (the unit responded 
then tvaximally to it)and at T + 119 (the unit did not respond 
anyaore to the vibration) . 
Fig. 44. Three-dimensional figures indicating the interspike 
interval distribution through histogram starting with data on 
the ground and throughout 124 hours of flight. The histograms were 
made with smaller classes on the left and larger ones on the right 
to indicate the response to vibration, on left, (peak in the 
histograms corresponds to the burst of spikes following the higher 
vibration amplitude) and the average distribution_, on right. It 
is immediately evident that the alteration in the basic 
_ _  - 
activity of this unit (No. 3 )  starts at +9 hours in the mission 
and ends around 110  hours. From 112 to 124 hours the histograms 
sxe similar to the ones obtained on the ground. 
Fig. 45. Interspike interval histograms of otolith unit A2. 
The distribution and statistical analysis of the activity at 
rest shows that, although the overall rate of firing is 
decreased, the parameters studied have the same trend m the 
ones on the grcund €or the first 40 hours. 
Fig. 46. Interspike interval histograms of otolith unit 133, 
and statistics. 
The recponse tc vibration and the higher rate of firing is 
clearly illustrated by the histograms. Note that the distribution 
at T + 119 hrs closely resembles the one observed on the groucd 
before the flight. 
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Fig. 47 .  Interspike interval histograms and statistics of 
otolith unit B4. 
The higher rate of firing at T + from 72 to 82 hrs is clearly 
shown by the histograms. At T + 142  hrs the cjeneral pattern. 
of the distribution and the statistics closely resemble the one 
on the ground. 
- _  - 
Fig. 48. Otolith unit A2. 
Analysis of the activity at rest and during the second half of 
the centrifuge cycle at steady speed. The mean frec;uer.cy of 
approx. 200 spikes at rest and 25 spikes during st$nulation 
correspond to each round and square dot respectively. 
L 
The analysis is limited to the first 40 hrs in the mission a s  
irog A ,  after this tine did not shoo a. readable EKG and 
its health conditions couls! not be fully assessed. This unit did 
not respond to the water pump induced vibration and is truly at 
rest between the centrifuge cycles. A remarkable decrease of 
frequency during the flight (as in otolith unit B4, fig. 4 1 )  
is observed. The response to the centrifuge stimulation is a lso  
lowered. 
w- 
Fia. 4 9 .  Unit B3. Same data analysis as in fig. 48 : the square 
dots Correspond to the aean frequency of the response to the 
centrifuge cycle at constant speed and during the last 4 sec when 
adaptation was nearly 0 (the 2000 impulses are valid only for the 
round d o t ) .  Although an increase in the frequency response to 
the centrifuge cycle is observed during the flight, when the 
starting activity shows a very high rate of firing the differential 
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response becomes minimal or non existent. When the unit becomes 
phasic (between the arrows 'in the Eigure ) the response might 
paradoxically show a lower rate of firing than the basic 
activity (for further d.iscussion cf this point see text). This 
is observed also for unit B4 (fig. 5 0 ) .  After the 112th 'hour in 
the mission the response to ithe centrifuge also becomes normal. 
The period during which the unit responds to vibration ends at 
the thick arrw . 
Fig. 50. Unit E4. Saxe 6ata analysis as for unit B 3 .  The same 
observations apply, except for the fact that no response to water 
pump vibration is observed here; however during-the peak frequency 
of the activity at rest and during the change to phasic of the 
unit response to the centrifuge (betwecr, arrows) the sarrie 
ineffectiveness and paradoxal response is observed z s  in unit 53. 
Normalization is observed alsc in this unit in the response to 
centrifuge stirrulation after 130 hrs. 
Fig. 51. A ) .  Otolith unit B 3 .  Changes in the response to the 
steady speed cycle of the centrifuge (second half) cmsidering 
the value on the ground = 1. The flight data are indicated as 
multiples of this value (on the ordinate). The response ten6s to 
increase during the first 75 hrs in the mission. The phasic 
response period s.pparently decreases the firing rate but this 
depends only on the lack of the sustained discharge typical of a 
tonic, response. At the erid of the phasic response period the 
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firing rate goes back to the average value as during the first 
75 hrs. Normalization of response appears after 112 hrs. The 
period during which the unit responds to vibration is also 
indicated. For the differential response in respect to intercycle 
activity see Table 3 . B) Otolith unit B4. Sm.e analysis as' for 
otolith unit B 3 .  The decrease of response shown here parallels the 
simultaneous decreese of the activity at rest. See also Table 3 .  
- 
Fig. 52. Time history of otolith unit B3 (Eadewith the sane 
technique as otolith unit €2 on the ground) up to 119 hrs in 
the mission. 
The dynamic phase of the response is particularly efident or, the 
ground (1). Note also the vestibular respcnse to a movement 
(arrowcd in the fiyurej after the centrifuae cycle. The dynan;ic 
phase of the response tends to decrease during the first 1 6  h r s  
in the mission (2 and 3) while the tonic Gne increases,reaching 
its maxipum. at T i. 39 hrs. FroiF. T i 82 hrs on the response starts 
becoring phasic and this disappears at T + 107  hrs. From T + 112 
hrs on the response is stabilized in a nearly normal fashion althcugh 
the phasic part remains recluced (see text). gu 
Lower record: centrifuge acceleration profile 0-0.6 g 
Fig. 53. Time history of otolith unit B4 on the ground End 
during 129 hrs in the missicn. On the ground the phasic response 
is particularly evident in this unit. Note here too the response 
to a movement (arrowed in 1) to be expected as this unit belcngs 
to the same fro9 as B3. Two main facts are cbserved: first, the 
Fhasic response is reduced in weightlessness, secondly, startinq 
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such earlier than in E3 a phasic response only appears at 
T + 39 hrs up to T + 105 hrs. During this period a positive 
response to the neqztive transient when the centrifuge slows 
down is also evident. Normalization, except fo r  the phasic 
response, is attained at T + 129 hrs. 
Lower record: centrifuge acceleration profile 0-0.6 g 
Fig. 54. Cdntrol exp.Nio. 2 on HPQlsee fig5%hterspike 
and statistics perforne2. before and imediately after pressurization. 
In the latter case the response of the unit to vibration is 
clearly shown by the regular multipeak histogran. 
_ -  - 
histograms 
Fig. 55. The experivental set-up for the controa-experiments, 
in this case the hyperpressure experimen&!!$%he FOSP containing 
the instrumented frog (on one side only: on the opposite end-cap the 
3 extrasensitive water-proof accelerometers are fixed in the sane 
position as the frog labyrinth) connected with the suitcase with 
all the controls is secured to the specially built support (see 
text) and it is connected with the 02 bottle for increasing 
pressure. An air conditioner is used to assure constant 
temperature. The euuipmerit is located in an isolated room to avoid 
noise and other disturbances. 
A) Note the wiring going through the floor to the next room. 
B) where the data acquisition system is located: from right to 
left 1)  a 7 channel 1/2 inch tape recorder, 2)  various 
equipment f o r  pulse editing and shaping, 3 )  a C.A.T. averaqe 
irr 
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. transient computer, a 565 Oscil.losco~e with a recordiny; carera 
and 4 )  a 1 4  chennel Ampex tape recorder and time coder for raw 
and edited data clre led in a 1800 IBM computer for reduction and 
analysis. The following data are recorded frow.the FOEP: 1 or 
2 vestibular signals, raw, edited and shaped to fit the canputerr 
the EKG, water temperature snd pressure, the acceleration as 
measured by the accelerometers on the centrifuge, XYZ accelerations 
measured by the accelercmeters inside the centrifuge in the 2nd 
end-cap and time clown to rr.illiseconds. 
Fig. 56. Control experiment E?o. 2 cn the effect+Qf 11 p s i  HPO. 
Spike data before (A-R) and after CP/BPO: no changes observed. 
Fig. 57. Control experiment No. 1: a number of histograms is 
shown with the relative digital values. The time of the experiment 
is indicated in the figure on the right and all the statistics 
in the bottom Of the figure. 
before, during and after pressurization for a few hours. The distri- 
bution of the interspike intervals appear to remain s i w a r  during 
high pressurization and at normal one atmosphere pressure although 
a high PO2 was present (approximately 1300 mm of mercury in the 
environmental water). As a conclusion it can be said that no 
significant effect is produced on the otolith discharge by the 
increased oxygen pressure as it appeared during .the orbital flight. 
The histograms are presented 
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Fiq. 58. P r o f i l e  of t h e  Mater pump induced v i b r a t i o n s  during 
t h e  c c n t r c l  experiment descr ibed  i n  f i g .  5 4 .  After  a quick 
p r e s s c r i z a t i o n  t o  + I 1  p s i  wi th  cxygen (nee a l s o  f i g .  5 9 )  
a s i g n i f  i c a n t  t r a n s i t o r y  inc rease  i n  t h e  i n t e n s i t y  of v i b r a t i o n  
is observed. 
Time and c a l i b r a t i o n  i n  t h e  f i g u r e .  XYZ accelerometer measurements 
i n  t he  3 d i r e c t i o n s  of spece 
2 8 6 - 2 8 9  = days j n  t h e  yeer. 
Fig.  59 .  A )  Sane: experiment as i n  fi5. 55 *- . Response 
of t h e  v e s t i b u l a r  u n i t  t o  v i b r a t i o n  a t  i t s  peak i n t e n s i t y .  The 
time bare  i s  t r i g g e r e d  by t h e  v e s t i b u l a r  spike: it responc?s ir! 
phase with t h e  v i b r z t i o n  a x  t h e  v i b r a t o r y  curve i s  shown on the y 
acceierometer .  I n  A) few, i n  E)  100 runs  superimposed; C )  O t o l i t h  
u n i t  E4 .  Synchronizatior. of t h e  spikes with t h e  v i b r a t i o n  indcced 
ky t h e  rocke t  e r e c t i c n .  Ir. I)) r e c r u i t i n g  i s  cbserved. 
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Fig.  6 0 .  HPO c o n t r o l  experiment Mo 3 .  The increase of preEsuhe 
t o  11 p s i  O2 w a s  performed slowly as it happened i n  t h e  f l i g h t .  
N o  change i s  apparent  i n  t h e  v e s t i b u l a r  a c t i v i t y  even a f t e r  
=ore than  24  hrs exposure. 
._ 
Fig. 61. A) Control  experiment No.  2 of t h e  e f f e c t  of pressu-  
r i z a t i o n  with O2 up to  11 p s i  to determine t h e  e f f e c t  of €?PO on 
t h e  v e s t i b u l a r  u n i t  f i r i n g  rate. 
A quick p r e s s u r i z a t i o n  in t roduces  a sudden change i n  t h e  f i r i n g  
rate t o  more than 5 tines t h e  c r i g i n a l  value;  t h e  apparent  
i nc rease  appears  however t o  be the  response t o  an increase. i n  t h e  
v i b r a t i o n s  induced by t h e  water pump (see fiq.58-59 1 
Except f c r  t h a t  t h e r e  i s  nc change i n  t h e  genera l  a c t i v i t y  of 
t h e  u n i t ,  which ever. a f t e r .  2 1/2 days shows+the same gene ra l  
c h a r a c t e r i s t i c s  as during normal a c t i v i t y .  
B) E f f e c t  of r ap id  p r e s s u r i z a t i o n  on t h e  f r o g ' s  EKG frequency. 
No s i g n i f i c a n t  chance i s  observed. 
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TABLE 3 
Frequency at rest and during the centrifuge cycle (second half 
at steady speed). Differential value between activity at rest f R )  
and during the second half of the centrifuge cycle at sfeaay speed 
(C) are reported in absolute value and in percentage of the 
activity at rest (Column 1 to 4 ) .  Column 5: position in the 
aissicn. Column 6: character of the response: phasic response 
eqcal to change from tonic to phasic during the mission. 
Vibration: response to vibration. 
TABLE 4 
Experiment No. 1 ccntrolling the effect of HPO on the firing 
rate of one vestibular unit. 
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34 
30 
16 
18 
12 
14 
10 
14 
9 
7 
13 
8 
3 
2 
4 
5 
4 
4 
3 
3 
2 
3 
1 
1 
0 
1 
0 
I 
2 
0 
1 
1 
1 
2 
0.00 0 1 
50.00 1 1XXXXXXXXXXXXXXXXXXXXXXt 
100.00 2 I x x x x x x x x x x x x x x x x x x +  
150.00 3 u(XXXXXXXXXXXXXXXX+ 
200.00 4 I x x x x x x x x x x x x t  
250.00 5 lXXXXXXXXXXXXXXXt 
300.00 6 IXXXXXXXXXXX+ 
350.00 7 Ixxxxxxxxxt 
400.00 8 IXXXXXXXt 
450.00 9 1 x x x x x x x x +  
500.00 10 lXXXXXX+ 
550.00 1 1  lXXXXXt 
600.00 12 IXXXXXt 
650.00 13 1XXXXX+ 
700.00 14 1XXXXX+ 
750.00 15 1XXt 
800.00 16 IXXt 
850.00 17 1X+ 
900.00 18 1Xt 
950.00 19 1XA 
1000.00 20 1xt 
1050.00 21 I t  
1100.00 22 I t  
1150.00 23 IXt 
1200.00 24 I t  
1250.00 25 I t  
1300.00 26 I t  
1350.00 27 I t  
1400.00 28 I t  
1450.00 29 I t  
1500.00 30 I t  
1550.00 31 I t  
1600.00 32 I t  
1650.00 33 I t  
1700.00 34 I >  
1750.00 35 I 
1800.00 3b I+ 
1850.00 37 I t  
1900.00 38 I t  
1950.00 39 I+ 
2000.00 40 I t  
2050.00 41 I+ 
2100.00 42 I+ 
2150.00 43 I t  
2200.00 44 1 
2250.00 45 1 
2300.00 46 1 
2350.00 47 I t  
2400.00 48 I t  
2450.00 49 I t  
2500.00 50 I+ 
2550.00 51 I t  
Fig. 46 
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i 
J 
N.2 
DURATION(SEC. ) 122.356 N.SPIKES 1538 . 
MAXIMUM(MSEC.) 0.3578976E 04 MINWUIUM(MSEC.) O . I ~ Z O O ~ E  01 ON THE GROUND 
FREQUENCY(C/SEC. ) 2.129 MEAN(MSEG.) 0.4696727E 0 3  OTO 83 
STAND.DEV. (MSEC.) 0.478595OE 0 3  VARIAT. COEFF. 0.1018997E 01 
RANGE(MSEC.) 0.35773433 04 
142 
162 
157 
115 
113 
12 
74 
61  
b9 
54 
53 
38 
36 
46 
23 
27 
38 
I8 
24 
16 
20 
19 
20 
10 
9 
7 
17  
8 
10 
8 
6 
5 
3 
4 
6 
7 
5 
4 
4 
4 
2. 
4 
3 
1 
1 
1 
E. 
6 
92 
105 
102 
74 
73 
46 
48 
39 
44 
35 
34 
36 
2 3  
29 
14 
17 
24 
11 
1 5  
10 
13 
12 
13 
6 
5 
4 
11 
5 
6 
5 
3 
3 
I 
5 
4 
3 
2 
2 
2 
1 
2 
1 
0 
0 
0 
3 
0.00 
50.00 
100.00 
150.00 
200. 00 
250.00 
300.00 
350.00 
400.00 
450.00 
500.00 
550.00 
600.00 
650.00 
700 .00  
750.00 
800.00 
850.00 
900.00 
950.00 
1000.00 
1050.00 
1100.00 
1150.00 
1200.00 
1250.00 
1300.00 
1350.00 
1400.00 
1450.00 
1500.00 
1550.00 
1600.00 
1650.00 
1700.00 
1750.00 
1850.00 
1900.00 
i950.00 
2000.00 
2050.00 
2100.00 
2150.00 
2200.00 
2250.00 
2300.00 
2350.00 
2400.00 
2450.00 
2500.00 
2550.00 
moo. 00 
0 1  
1 lXXXXXXXXXXXXXXXXXt 
2 lxxxxxxxxxxxxxxxxxsxxt 
3 lXXXXXXXXXXXXXXXXXXXt 
4 Ixxxxxxxxxxxxxt 
5 1 x x x x x x x x x x x x x t  
6 I x X x x x x x x t  
7 lxxxxxxxxI 
8 lxxxxxxc 
9 I x x x x x x x +  
I O  IXXXXXXt 
1 I IXXXXXt 
12 1 x x x t  
13 1XXXt 
14 1XXXXt 
15 1 x t  
16 1XXt 
17 IXXXt 
18 I X t  
19 1XXt 
20 I X t  
21 I X t  
22 1 X t  
23 1Xt  
24 I t  
25 I t  
26 I t  
27 1Xt  
29 I t  
30 I t  
31 I t  
31  I/ 
33 I t  
34 I t  
35 I+ 
36 it 
37 1 t  
38 1L 
39 If 
40 I t  
41 l +  
42 1 t  
43  I t  
44 I t  
45  1 t  
46 1 
47 1- 
48 I t  
49 1 
50 1 
51 I t  
28 it 
Fig. 46 
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DURATION(SEC. ) 380.020 N. SPIKES 3990 N 3 
FREQUENCY(C/SEC. ) 10.499 MEAN(MSEC.) G.9524323E 0; OTO 5 3 
STAXD.DEV.(MSZC.) 0.91468473 02  VAKIAT.COEFF. 0.Q603672E 00 
MAXIMUM(MSEC.) 0.2077936E 04  MINIMUM (MSEC.) 0.1224000E 01 T + 1 1 
RANCE(MSEC. ) 0.1016712E 04 
0.00 0 1 
1562 391 50.00 1 1XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX t 
1072 268 100.00 2 1xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxt 
529 132 150.00 3 lXXXXXXXXXXXXXXXXXXXXxxxxXt  
377 94 200.00 4 1XXXXXXXXXXXXXXXXXt 
196 49  250.00 5 1XxXXXXXx+ 
8 2  20 300.00 6 lXXXt 
78 19 350.00 7 IXXt 
4 5  I 1  400.00 8 1Xt 
22 5 450.00 9 I t  
13 3 500.00 10 1+ 
3 0 550.00 11 I t  
4 1 600.00 I 2  I t  
2 0 650.00 13 I t  
2 0 750.00 1 5  1 t  
2 0 800.00 16 1 t  
700.00 14 1 
850.GO 17 1 
909.00 18 I 
950.00 19  1 
1000.00 20 1 
io50.00 21 1 * 
1 0 1100.00 22 I t  * 
DUPATION(SEC. ) 388.606 N. SPiKES 5291. .4 
FHEQUENCY(C/SEC. ) l j . 6 1 5  MEAN(MSEC.) 0.73446713 oz OTO B 3 
STAND. DEV. (MSEC.) 0.67777423 02 VARIAT. COEFF. 9.9228lIOE 00 
MAXI MU:.^ (MSES.) 0 . 5 9 3 6 4 0 1 ~  a 3  MiMMUM(MSEC.) 0.2040000E 01 T i 16 
RANCE(MSEC.1 0.5916000E 03 
_~ 
0.00 0 1 
2537 459 50.80 1 ixxxxxxxxxxgxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx~xxx~xxxx~xxxxxxxxxxxxxxxxxx t 
1486 280 100.00 2 1xxxxxxxxxxxxxxxxxxxxxxxxxxxx~xxxxxxxxxxxxxxxxxxx~Xxxxxxxxt 
634 119 
355 67 
108 20 
97 18 
42 7 
4 3  2 
I4 2 
3 0 
1 0 
1 0 
150.00 3 1XXXXXXXXXXXXXXXXXXXXXXXXXt 
200.00 4 1 x x x x x x x x x x x x t  
250.00 5 1XXXt 
300.00 6 1XXt 
350.00 7 I t  
400.00 8 I t  
450.00 9 I+ 
500.00 10 1t 
550.00 I1 it 
600.00 12 1t 
DURATION (SEC. ) 583.731 
FREQUENCY(C/SEC. ) 29.477 
STAND.DEV. (MSEC.) 0.25?4820E 02 
MAXiMUM(MSEC.) 0.2297040E 03  
RANGE(MSEC. ) O.2280720E 03  
N .5 N. SPIKES 17207. 
MEAN(MSEC.) 0.33924053 02 OTO 83 
VARIAT.COEFF. 0.7589954E 00 
MINIMUM(MSEC.) 0.16320OOE 01 T + 27 
0.00 0 1 
3070 178 100.00 E lxxxxxxxxxxxxxxxxt 
?3706 796 50.00 I IXXXXXMXXXXXXXj(XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX~XXXXXX t 
347 20 150.00 3 1Xt 
a0 4 zOO.OO 4 I+ 
4 0  250.00 5 I t  
Fig. 46 
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DUKATION (SEC.) 291. 748 
STAND.DEV. (USEC.) 0.1342037E O j  
MAXIMUM (MSEC.) 0.129Z768E 04 
RANGFfMSEC. ) 3.12913.3E 04 
FREQUENCY lZ/SEC. ) .3.47& 
925 
590 
296 
218 
144 
8 3  
59 
40 
28 
27 
16 
12 
4 
3 
5 
6 
1 
1 
1 
1 
374 
238 
119 
88 
58 
33 
23 
19 
11 
10 
6 
4 
1 
2 
2 
0 
0 
0 
0 
0.00 
50. 00 
100.00 
150.00 
250.00 
300.00 
350.00 
400.00 
450.00 
500.00 
550.00 
600.00 
650.00 
700.00 
i50 .00  
800.00 
850.00 
900.00 
950.00 
1000.00 
1050.00 
zoa.oa 
0 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
I 1  
12 
13 
14 
15 
16 
18 I 7  
19 
20 
21 
N. SPIKES 247:. N . 6  
MEAXcMSLC.) 0 . I l70733E 03 OTO 83 
XiINihfUM (MSEC.) 6.2443003E 31 T+ 33 
VAKL<T.COEFF. n. 1 ~ 3 7 5 7 7 ~  o i  
1 
1xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
Ixxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx~ 
Ixxxxxxxxxxxxxxxx:~xxxxxt 
Ixxxxxxxxxn-xxxxxt  
lxxxxxxxxxxt 
lxxxxxt 
IXXXt 
l X X t  
IX+ 
1xt 
I+ 
I t  
I+ 
I t  
It 
1 
I t  
li 
1i 
I t  
It 
- -- 
DURATION (SIC. )  856.805 N. SPIKES 35631. N -7 
FREQUENCY (C/SEC.) 41.585 MEAN(MSEC.) 0.2404662E 02 0 TO B 3 
STAIU’D.DEV. (MSEC.) 0.2208358E 02 VARlAT. COEFF. 0.9183655E 00 
MAXIMUMJMSEC.) 0.1823760E 03 MINJ.MUM (MSEC.) 0.1224000E 01 T + 67 
RANCE(MSEC.) 0.181152OE 03 
31294 878 878 50.00 1 lxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
--- 
0.00 o I 
4006 112 990 100.00 2 1xxxxxxxxxxt 
310 8 999 150.00 3 It 
21 OlOOO 200.00 4 It 
DURATION (SEC. I 134.207 N. SPIKES 519. N. 
FREQUENCY(C/~EC. ) 3.867 MEANtMSEC.) 0.25858RSE $3 070 83 
STAND.D&V. (MSEC.) 0.2977135E 03  VARIAT.COEFF. 0.1151302E 04 
MAXIMUM (MSEC.) 0.2574888E 04 MINIMUM (MSEC.) 0.1632000E 01 T +  75 
RANGE (MSEC.) 0.2513255E 04  
101 
50 
52 
48 
35 
74 
4 5  
23 
so 
12 
17 
3 
1 
7 
7 
2 
7 
6 
2 
1 
3 
I 
2 
4 
1 
I 
1 
I 
1 
1 
200 
173 
92 
67  
46 
86 
44 
19 
23 
32 
5 
13 
13 
13 
3 
1 3  
11 
3 
1 
5 
1 
3 
7 
I 
1 
1 
loa 
1 
1 
1 
200 
373 
473 
566 
633 
630 
766 
81 I 
830 
853 
996 
892 
905 
919 
932 
936 
949 
96 1 
965 
967 
973 
974 
978 
984 
988 
990 
992 
994 
996 
998 
0.00 
60.00 
100.00 
150.00 
200.00 
23C.OD 
300.00 
400.00 
450.00 
500.00 
550.00 
600.00 
650.00 
700.00 
750.00 
800.00 
850.00 
900.00 
953.00 
1050.00 
11 00.00 
1150.00 
1200.00 
1253.00 
1300.00 
1350.00 
1400.00 
1450.00 
1M0.00 
1550.00 
1600.00 
1650.00 
1700.00 
1750.00 
1800.00 
1850.00 
1900.00 
3so.00 
iaoe 00 
0 1  
1 1XXXXXxxXXXXXXXHj[Xxxxxxxxxxxxxxxxxxxxxxx+ 
2 1xxxxxxxxxxxxxxxxsxjisxxj(xxxxXxxxxxt 
3 Ixxxxxxxxxxxxxxxxxxx+ 
4 lxxxxxxYxx4xYYYYxx- 
5 ix.ixxxxxxxxxx+ 
6 lXXXXXXXX+ 
7 lXxxxxxxxxxxxxxxxt 
8 IXXXXXXX+ 
9 l X X t  
10 1 X X X t  
1 1  IXXXXX+ 
12 1t 
1 3  1X+ 
14 a+ 
15 1X+ 
16 I+ 
17 1Xt 
18 u t  
19 I t  
20 It 
21 I+ 
22 It 
23  I+ 
24 I+ 
2 5  I+ 
26 1 
27 1i 
28 1 
29 I+ 
30 1 
31 1 
32 I 
33 It 
34 I 
35  1 
36 It 
3 7  I+ 
38 I 
Fig. 46 
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-- 
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ca 
P 
- a-77 
1459- OTOB4 N.3 .URATIOM (BEC. ) 924.096 N. SPIKES 
&AXI.MUM IMSEC.) 0.1994712E 04 
1.573 MEANIMSEC. I 0.63337693 0 3  
MIMhaUM(MSEC. I 0.44880013 01 
EPUENCYiCJSEC.) 
i AND.DEV.(MSEC.) 0.5102149E 03 \'ARmT.COEFF. O.SO55471E 00 ON GROUND 
RANGE (MSEC.) O.l$90224E 04 
0.00 0 1 
101 73 73 
99 67 141 
87 59 200 
61 41 242 
79 4~ 296 
17  52 349 
50 34 383 
47 32. 416 
57 39 455 
55 37 492 
43  29 522 
49 33 555 
47 32 588 
52 35 623 
35 23 647 
35 23 671 
IO 27 699 
24 16 715 
36 24 740 
36 24 764 
31 21 786 
25 I7 603 
35 23 827 
24 16 843 
24 16 860 
13 8 869 
18 12 881 
19 I 3  894 
17 11 906 
15 10 916 
18 12 928 
13 8 937 
14 9 9 4 )  
I 1  7 954 
13 8 963 
11 7 971 
14 9 980 
10 6 9.97 
13 8 556 
5 31000 
107 6.3 b8 
99 63 131 
87 55 186 
61 38 225 
79 50 275 
77 49 32A 
50 3 1  356 
47 29 386 
57 36 422 
55 35 457 
43 27 485 
49 31 515 
47 29 546 
52 33 579 
35 22 601 
35 22 623 
40 25 649 
24 15 664 
36 22 68i 
36 22 710 
31 19 730 
25 15 746 
35 22 766 
24 15 783 
24 is 798 
13 8 807 
18 I 1  818 
19 I2 630 
17 10 841 
15 9 851 
18 11 662 
13 8 870 
14 8 879 
11 7 886 
I 3  8 894 
I 1  7 901 
14 8 910 
10 6 917 
13 8 925 
5 3 928 
4 2 931 
9 5 936 
7 4 941 
9 5 947 
4 2 949 
4 2 952 
i 5 3 955' 
6 3 959 
3 1 961 
3 5 963 
5a 361COO 
50.00 I IXXXXXX+ 
100.00 2 IxxXXX+ 
150.00 3 IXXXXt 
200.00 4 IXXX+ 
250.00 5 1XXXXi 
300.00 6 IXXXXI 
350.00 7 lXXt 
400.00 81XX+ 
450.00 91XX+ 
MO.00 10 1XXt 
550.00 I 1  lX+ 
600.00 12 1XX+ 
650.00 13 1XX+ 
700.00 14 lXX+ 
750.00 15 1Xt 
850.00 17 1X+ 
950.00 I I  rX+ 
1000.00 20 1x+ 
1050.00 21 1x+ 
1100.00 22 I+ 
1150.00 23 U t  
1200.00 24 I+ 
!250.00 25 It 
13oo.00 26 14 
1350.00 27 It 
1400.00 28 I+ 
1450.00 29 I+ 
15GO.00 30 1+ 
1550.00 31 I+ 
1600.00 32 lr 
1650.00 33 1+ 
1700.00 34 l+ 
1750.00 35 I+ 
18OC.00 36 I t  
1850.00 37 If 
1900.00 38 It 
1950.00 35 I t  
2000.00 40 I+ 
aoo.oo 16 IX+ 
9oo.00 ia I+ 
Fig. 47 
L 
0.00 0 1  
50.03 1 IXEXXXr 
100. 00 2 1xxxxx+ 
150.00 3 lXXXXt 
200.00 4 1xx+ 
250.03 5 IXXXXt 
300.00 6 IXXX+ 
350.00 7 IXX+ 
400.00 8 I X t  
450.00 9 lXXt 
50c.00 10 lxxc 
550.00 I 1  IX+ 
600.00 12 lXX+ 
650.00 131Xt 
700.00 14 1XX+ 
750.00 15  1X+ 
800.00 16 IX+ 
850.00 I7 IX+ 
900.00 18 It 
950.00 19?X+ 
1000.00 20 1x+ 
1050.00 21 It. 
1100.00 22 I+ 
1150.00 23 1X+ 
1200.00 24 I+ 
1250.00 251t 
1300.00 26 I+ 
1350.00 27 I* 
1400.00 28 It 
1450.00 29 1i 
1500.00 30 1+ 
1550.00 31 I+ 
1600.00 32 I+ 
1650.00 33 I+ 
1?00.00 34 I+ 
1750.00 35 I+ 
1800.00 i6 It 
1850.00 371+ 
1950.00 39 I+  
2000.00 40 I+ 
2050.00 41 It 
2100.00 42 I+ 
2150.00 4317 
2200.00 44 :+ 
2250.00 451+ 
2300.00 46 I+ 
2350.00 47 I t  
2400.00 45 I t  
2450.00 49 1+ 
I?OO.OO 3a I+ 
25ao.00 50 it 8-79 
2550.00 51 1Xx+ 
64 367 367 
J1 178 545 
a0 626 14 
7 
7 
9 
4 
t 
3 
7 
2 
3 
1 
I 
i 
1 
1 
1 
I 
7 
10 66b 
IO 706 
j l  758 
22 781 
34 816 
17 833 
I 1  844 
40 885 
11 E16 
I7 913 
5 919 
5 925 
5 931 
5 936 
5 942 
5 948 
5 9% 
5 959 
4oiaoo 
0.1994671E 05 
0.00 0 1 
50.00 1 lXXXXXXXXXXXXXXXXXXXXXXXXXxxXXXXXXXXX+ 
100.00 2 1 x x x x x x x x x x x x x x x x +  
150.00 3 IXXXXXXX+ 
200.00 4 lXXXt  
250.00 5 lXXX+ 
300.00 6 IXXXX+ 
350.00 7 1xI. 
400.00 8 lXXC 
450.00 9 I+ 
500.00 :o I+ 
550.00 11 wxx+ 
b00,03 12 l+ 
650.CO 13 I+ 
700.00 14 I+ 
750.00 15 I 
8OO.UO 16 It 
550.00 17 1 
W O . 0 0  18 I+ 
9fG.00 19 1 
100\).00 20 1+ 
1'150.00 2 t  it 
lIO0,OO 22 1 
1150.00 23 1 
1200.00 24 1 
1258.00 25 I+ 
1300.00 26 1 
1100.30 28 I 
1450.00 29 1 
1500.00 30 1 
1550.00 3! I+ 
lbG0.00 31 1 
1650.00 33 Z 
1700.00 34 1 
1750.00 35 1 
1800.00 36 1 
1850.00 37 1 
1900.00 38 1 
1950.00 39 1 
2050.00 41 I 
i35a.00 27 i 
zooo.oa 40 I 
zioo.oa 42 I 
ziso.ao 43 1 
2200.00 44 1 
2250.30 45 I 
2300.00 4b 1 
2350.00 47 1 
2400.00 48 I 
2500.00 50 1 
2550.00 51 LXXXt 
2450.00 '19 i 
Fig. 47 
8-80 
50 
28 
8 
6 
4 
2 
2 
2 
1 
1 
1 
2 
2 
2 
2 
4 
1 
2 
1 
2 
3 
1 
1 
3 
62 
259 259 
145 404 
41 .?e5 
31 476 
20 497 
10 507 
10 518 
10 528 
5 533 
5 538 
5 544 
?O 554 
10 564 
10 575 
10 585 
20 606 
5 611 
10 621 
5 626 
10 637 
15 652 
5 658 
5 663 
15 678 
3211000 
0.00 
50.00 
100.00 
150.00 
200.00 
250.00 
300.00 
350.00 
400.00 
450. 00 
500.00 
550.00 
600.00 
650.00 
700.00 
750.00 
800.00 
850.00 
900.00 
950.00 
1000.00 
1050.00 
1100.00 
1150.00 
1200.00 
1250.00 
1300.00 
1350.00 
1400.00 
1450.00 
1 ;oo.oo 
1550.00 
1500.00 
1650.00 
1700.00 
1750.00 
1800.00 
1850.00 
1900.00 
1950.00 
2000.00 
2050.00 
2100.00 
2150.00 
22OO.00 
2250.00 
2300.00 
2350.00 
2400.00 
2450.00 
2500.00 
2550.00 
N. 3 
DURATION (SEC. 1 479.643 %.SPIKES 193. 
FREQUEIYCY(C/SEC. 1 0.402 MEAN(MSEC.1 0.2485201E 04 OTO B4 
STAND.DEV. (MSEC. J 0.3873102E 04 VARIAT.COEFF. 0.15584663 01 
MAXIMUhf(MSEC.) 0.19555443 05 MINIMUM(M5EC.) 0.2856000E 0 1  T +  27 
RANCE(MSEC. ) 0.1955258E 05 
Fig. 47 
* 
. __-- 0 1  1 lxxxxxxxxxxxxxxxxxxxxxxxxI 
2 Ixxxxxxxxxxxxxt 
3 1XXXt 
4 IXXC 
5 1xt 
6 1+ 
I 1  
8 1  
9 I+ 
10 1 
11 I+ 
12 1 
13 1 
14 I+ 
15 1 
16 I 
17  1 
18 1 
19 1 
20 12 
21 1t 
22 It 
2 3  I+ 
24 It 
25  1 
26 1 
27 1- 
28 :x+ 
20 1 
3u I 
31 1 
32 1 
33 1 
34 1 
35 I 
36 1t 
37 I+ 
38 1 
39 1 
40 1 
41 I+ 
42 I+ 
43 I+ 
44 1 
45  1 
46 I+ 
47 1 
48 I+ 
49 1 
50 1 
51 lXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX+ 
6-81 
i 
/ 
DURATION (SEC. 
STAND.DEV. (MSEC.) 
MAXIMUM(M5EC. ) 
RANGECMSZC. 1 
~REQUENCY(C/SEC. ) 
52 351 
18 I21 
10 61 
6 40 
3 20 
3 20 
1 6  
1 6  
2 13  
1 6  
I 6  
1 6  
1 6  
1 6  
1 6  
1 6  
1 0  
1 6  
1 6  
2 I 3  
1 6  
1 6  
1 6  
1 6  
351 
472 
540 
58 1 
60 1 
621 
628 
635  
648 
655 
562 
668 
675  
682 
689 
695 
702 
70 9 
716 
729 
736 
743 
750 
756 
36 2431000 
286.430 
0.515 
0.38189676 04 
0.196.L561E 0 5  
0.1964356E 0 5  
N .4 
N. SPIKES 148. 
YAAIAT.COEFF. 0.1973279E 01 
MINIMUM(MSEC.) 0.2040000E 01 T *  32 
MEAN(MSEC.) 0. 193534oE 04 or0 64 
0.00 0 1  
50.00 1 IXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXC 
100.00 2 1 x X x x x x x X x x x +  
150.00 3 lXXXXX+ 
200.00 4 IXXX+ -- - 
250.00 5 1 X t  
300.00 6 IXt  
350.00 7 I 
400.00 8 IC 
450.00 9 I+ 
500.00 10 1 
550.00 I1 1 
600.00 12 1 
650.00 1 3 1  
700.00 1 4 1 t  
750.00 15 I+ 
800.00 Ib  I+ 
850.00 171+ 
900.00 18 I+ 
950.00 19 I+ 
1000.00 2 0 1  
1050.00 21 1 
1100.00 2 2 1  
i150.00 23 I t  
1200.00 24 1 
1250.00 2 5 1  
1300.00 26 1 
1350.00 27 I t  
1400.00 28 l i  
1450.00 29 1 
19(10.00 3 0 1  
1550.00 31 1 
1600.00 32 I+ 
1650.00 3 3 1  
1700.00 34 I+ 
1150.00 35 I 
1800.00 36 IC 
1850.00 3 7 1  
1900.00~ 381 
195p.00 39 I t  
2000.00 40 1 
2050.00 41  I+ 
2100.00 4 2 1  
2150.00 43 I+ 
2200.00 44 1 
2LSO.OO 45  1 
2300.00 46 1 
2350.00 4 7 1  
2400.00 48 I t  
2450.00 4 9 1  
2500.00 50 1 
2950.00 51 lXXXXXXXXXXXXXXXXXXXXXXX4 
Fig. 47 
8-82 
URATION (SZC.) 127.560 
REQUENCY(C/SEC.) 2.383 
TAND. DEV. (MSEC. 1 0.23S3438E 04 
IAXIMUM(-MSEC.) 0.1961787E 05 
ANGE (MSEC.) 0.1961542E 05 
891 
59 
3 
6 
3 
0.00 
891 50.00 
950 100.00 
953 150.00 
200.00 
250.00 
960 300.00 
350.00 
400.00 
450.00 
500.00 
550.00 
600.00 
650.00 
700.00 
750.00 
800.00 
900.00 
950.00 
1000.00 
1050.00 
1100.00 
1150.00 
1200.00 
963 1250.00 
1300.00 
1350.00 
1400.00 
1450.00 
1500.00 
1550.00 
!603 .00  
1650.00 
1700.00 
1750.00 
1800.00 
1850.00 
1900.00 
1950.00 
2000.00 
2050.00 
2100.00 
2150.00 
2200.00 
2250.00 
2300.00 
2354.00 
2400.00 
2450.00 
2500.00 
am. 00 
N . 5  
T + 6 2  
N.SPIKES 304. 
~ A N ( M S E C . )  0.41960728 03  OTOB4 
VARIAT.COEFF. 0.5680167E 01 
MINIMUM (MSEC.) 0.2448000E 01 
01 
2 lXXXXt 
3 It 
4 1  
5 1  
6 1t 
7 1  
8 1  
9 1  
101 
11 1 
12 1 
13 1 
14 1 
15 1 
I 1 x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x j ~ ~ x x x  t 
. .- 
16 1 
17 1 
18 I 
19 1 
20 1 
21 I 
22.1 
23 I 
24 1 
2 5  I+ 
26 1 
27 I 
28 1 
29 1 
30 1 
31 1 
32 i 
33 1 
34 I 
35  1 
36 1 
37 I 
38 1 
39 1 
40 1 
41 1 
42 1 
43 I 
44 1 
4 5  1 
46 1 
4 7  1 
48 1 
49 I 
50 1 
361000 2550.00 51 IXX+ 
Fig. 47 
8-83 
. 
Y 
DURATION(SEC. ) 14.152 
STAND.DEV.(MSEC.) 0.3916638E 03  
MAXIMUM(MSEC.) 0.71861053 04 
RANGE(MSEC.) 0,71828403 04  
FREQUENCY(C/SEC. 23.740 
N.6 
N. SPIKES 336. 
VARIAT.COEFF. 0.42983473 01 
MINIMUM(MSEC.) 0.32640003 01  T+82  
YEAN(hrisEc.) 0 . 4 ~ 1 2 1 8 8 ~  02 070 84 
0.00 0 1  
31 7 943 943 50.00 1 ~ X ~ X ~ ~ ~ ~ ~ ~ X ~ ~ ~ X X ~ X ~ X ~ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  t 
I 4  41 985 100.00 2 lXXX+ 
1 2 988 150.00 3 1 +  
2 5 994 200.00 4 1t 
I 2 997 300.00 6 1+ 
250.00 5 1 
350.00 7 1  
400.00 8 1 
450.00 9 I 
500.00 101 
550.00 11 1 
600.00 12 1 
650.00 1 3 1  
750.00 1 5 1  
800.00 16 1 
850.00 1 7 1  
900.00 181  
950.00 19 1 
1000.00 2 0 1  
1050.40 211 
1100.00 2 2 1  
1150.00 23 1 
1200.00 24 I 
1250.0J 25 1 
1300.00 26 I 
1350.00 27 1 * 
1400.00 28 1 
1450.00 29 1 
1500.00 30 1 
1550.00 31 1 
1600.00 32 1 
1650.00 33 1 
1700.00 34 1 
1750.00 35 1 
1800.00 36 1 
1850.00 3 7 1  
:703.03 3 i  
1950.00 39 I 
2000.00 40 1 
2050.00 4 1  1 
2100.00 42 1 
2150.00 4 3 1  
2200.00 44 1 
8250.00 4 5  1 
2300.00 46 1 
2350.00 4 7 1  
2400.00 48 1 
2450.00 49  1 
2500.00 50 1 
. 
700.00 14 1 
- 
dar 1 21000 2550.00 51 1+ 
N.7 
DURATION(SEC. ) 7.759 N.SPIKES 309. 
I'REQUENCY(C/SEC. ) 39.821 MEAN(hfSEC.) 0.2511218E 02 OTO 84 
STAND.DEV.(MSEC.I 0.3841367E 02 VARIAT. COEFF. 0.15296823 01 
MAXIMUM(MSEC.) 0.57364813 03 MINIMUM(MSEC. ) 0.3264000E 01 T + 92 
RANGE(MSEC.) 0.5703841E 03 
0.00 0 1 
289 93i 935  50.00 1 IXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX~ I t 
13 42 977 100.00 2 IXXXt 
4 12 990 150.00 3 I t  
I 3 993 200.00 4 lt 
1 3 996 250.00 5 1+ 
300.00 6 1 
350.00 7 1 
400.00 8 1 
450.00 9 1 
MO.00 IO 1 
550.00 11 1 
1 31000 600.00 1 2 1 t  
Mae 
Fig. 47 
i 8-84 
DURATION (SEC.) 
FREQUENCY(C/SEC 
STAND. DEV. (MSEC 
RAHGE(MSEC.) 
MAXIMUM(MSEC.) 
7 
4 
11 
8 
6 
8 
7 
3 
3 
3 
4 
4 
5 
I 
8 
1 
2 
I 
3 
2 
5 
2 
2 
3 
1 
3 
5 
2 
2 
I 
3 
4 
1 
2 
5 
1 
2 
2 
3 
5 
z 
1 
1 
2 
86 
28 28 
16 45  
4 5  90 
32 122 
24 147 
32 180 
28 209 
12 221 
12 233 
i o  254 
16 270 
16 286 
20 307 
4 311 
32 344 
4 348 
8 356 
16 372 
12 365 
8 393 
20 413 
8 422 
8 430 
12 442 
4 446 
12 459 
20 479 
8 481 
8 495 
4 500 
12 512 
16 528 
4 532 
8 540 
20 561 
4 565 
8 573 
8 581 
8 590 
12 602 
20 622 
8 631 
4 635 
4 639 
8 647 
3521000 
630.124 
) 0.306516lE 04 
0.17493003 0 5  
. )  0.387 
N .8 
N. SPIKES 244. 
VARIAT.COEFF. O.ll63674E 01 
MINIMUMMSEC.)  0.4080001E 01 T + 107 
MEAN(MSEC.) O . Z ~ B Z ~ ~ ~ E  04 OTO B4 
0.17468923 0 5  
0.00 0 1  
50.00 1 1Xt  
100.00 2 1 s  
150.00 3 IXXXt 
200.00 4 iXX+ 
25C.00 5 1XC 
300.00 6 lXXt  
350.00 7 IXt  
400.00 8 It 
450.00 9 1t 
500.00 10 1Xt 
550.00 11 I t  
600.00 12 It 
650.00 13 1Xt 
750.00 1 4 1 t  
750.00 15 lXXt 
850.00 1 7 1 t  
900.00 18 I t  
950 .OO 19 It 
1000.00 20 I t  
1050.00 21 1Xt 
1100.00 2 2 1 t  
1150.00 2 3 1 t  
1200.00 24 it 
1250.00 2 5 1  
1300.00 26 it 
1350.00 2 7 1 t  
1400.00 28 1Xt 
1450.00 2 9 1 t  
1500.00 30 1t 
1550.00 31 It 
1600.00 3 2 1 t  
1650.00 3 3 1 t  
1700.00 3 4 1 t  
1750.00 3 5 1 t  
1800.00 36 1Xt 
1850.00 371- 
1950.00 3 9 1 t  
2000.00 40  1t 
2050.00 41  I t  
2100.00 4 2 1 t  
2150.00 4 3 1  
2200, 00 44 I X t  
2250.00 4 5 1 t  
2300.00 4 6 I t  
2350.00 47 I t  
2400.00 48 I t  
2450.00 49 1 
2500.00 50 1 
2550.00 51 IXXXXXXXZXXXXXXXXXXXXXXXXXXXXXXXXXXt 
800.00 16 it 
1900.00 3 8 1  
Fig. 47 
8-85 
. 
N . 9  DURATION (S5.C.) 493.88? N.SPtKES 549. 
F R ~ ~ U E N C Y ( C / S E C .  f 1 .111  MEAN(M55C.) 0.89'46lZ6E' 03 OT054 
S T P . ? ~ ~  DEV. !A!SEC.) 0.957Z651E 05  VARIAT. COEFF. 0.1064086E 01 
UA:<iMIJM (MREC.)  0.8352576E 04 M1NlMUMlMSEC.f 0.3Qlh800E 02 T4' 135 
RANCE(MSEC. f 
I 1  1 
I 1  20 21  
32 58 80 
35 6 3  143 
32 58 202 
29 52 255 
22 40 295 
29 52 347 
20 36 384 
19 34 418 
27  4 9  468 
17 30 499 
17 30 530 
18 32 562 
I1 20 582 
1 5  27 615 
13 23 633 
11 20 653 
11 20 673 
15 27 701 
12 21 723 
6 10 734 
11 20 754 
8 12 768 
7 I2  i 8 1  
8 14 795 
8 14 810 
5 9 819 
6 10 830 
5 9 839 
3 5 845 
5 9 854 
7 12 867 
1 I 868 
2 3 872 
5 9 881 
3 5 896 
3 5 908 
5 9 918 
4 7 925 
4 7 932 
1 I 934 
3 938 
1 1 939 
1 1 9+: 
2 3 945 
5 9 890 
4 7 903 
30 541000 
DURATION(SEC. ) 
STAND. DEV. (MSEC. ) 
MAXIMUM(M5EC.) 
RANCE(MSEC.) 
FREQUENCY(C/SEC. ) 
65 82 82 
80 101 184 
68 86 270 
6 8  86 357 
56 71 428 
57 72 500 ' 
4 1  52 552 
39 49  bo2 
35 44 646 
29 36 683 
22 27 711 
23  29 740 
23 29 770 
21 26  796 
8 10 806 
16 20 827 
11 13 841 
17  21  862 
15 1 5  881 
5 6 888 
13 16 904 
4 5 909 
7 8 918 
5 b 925 
3 3 928 
56 711000 
0.8313407E 04 
0.00 0 1 
50.00 
100.00 
150.00 
200.00 
250.00 
300.00 
350.00 
400.00 
450.00 
500.00 
550.00 
600.00 
650.00 
700.00 
750.00 
800.00 
850.00 
900.00 
950.00 
1000.00 
1050.00 
1100.00 
1150.00 
1200.00 
1250.00 
1300.00 
1350.00 
1400.00 
1450.00 
1500.00 
1550.00 
1600.00 
1650.00 
1700.00 
1750.00 
1800.00 
1850.00 
1900.00 
1950.00 
2000 .oo 
2050.00 
2100.00 
2150.00 
2200.00 
2250.00 
2300.00 
2350.00 
2400.00 
8450.30 
2500.00 
2550.00 
1 I+ 
2 1 x 1  
3 IXXXX+ 
4 lXXXXXt 
5 IXXXXt 
6 LXXXXt 
7 1 x x x t  
8 IXXXXt 
9 IXXt 
LO lXXt  
I 1  1 x x x +  
12 ixxt 
13 lXXt  
14 lXXt  
15 1Xt 
16 IX+ 
17  1Xt 
18 I X t  
19 I X t  
20 I X t  
21 1Xt 
22  1+ 
23 1Xt 
24 I t  
25 I t  
26 I t  
27 I t  
28 I t  
29 I t  
30 ?t 
31 I t  
32 1t 
33 I t  
34 I t  
35 I t  
36 It 
37 I t  
38 I t  
39 I t  
40 I t  
4 1  I t  
42 1 
4 3  I+ 
44 1 
4 5  1t 
46 I t  
47  I t  
48 I t  
45 I t  
50 I t  
51 IXXXXt 
+ 
L 
N .10 
756.731 
1.039 
0.1203363E 04  
0.1725962E 05 
0.1725881E 05 
N. SPIKES 787. 
MEAN(MSEC. j 0.9615410~ 03  OTO B4 
VARIAT.COEFF. 0.1251495E 01 
MIMMUM(MSEC.) 0.8160ook~ 00 T+142 
0.00 0 1  
100.00 1 I x x x x x x x +  
200.00 2 1xxxxxxxxxi 
300.00 3 IXXXXXXX+ 
400.00 4 IXXXXXXXt 
500.00 5 lxxxxxxt 
600.00 6 IXXXXXXt 
700.00 7 IXXXX+ 
800.00 8 lXXX+ 
900.00 9 1 x x x +  
1000.00 IOIXXt 
1I00.00 I I l X t  
1200.00 l 2 l X t  
1300.00 131X+ 
1400.00 14 1X+ 
1500.00 151t  
1600.00 16 1Xt 
1700.00 1 7 1 t  
1800.00 181X+ 
1900.00 191t  
2000.00 201t  
2100.00 Z l l t  
2200.00 221t  
2300.00 231t  
2400.00 241t  
2500.00 2511 
2600.00 26 lXXXXXX+ 
e# 
Fig. 47 
8 -86 
0 s -  
30 
25 - 
> 
0 z 
W 
3 
0 
w 
c c o  
20 - 
k :  > 15 - 
W 
Y 
v) 
- 
a 
10 - 
5 -  
OTO 2 
AT R E S T  
II sec CENTRIFUGE 
'i CYCLE 
-- 
on ground 
0 5 T 4 2  4 6 8 10121416182022~4262830323436384~hrs 
T I M E  in t h e M I S S I O N  
Fig. 48 
O T O  3 
_(I 40 . at rest m c e n i r i f u g e l r l  2 
I 0 a, 
z :  
E.;: 2 0 -  a, 
i two div : l h i  - ' .  
I I  I 1 I I 1 
-0  5 T+O 25 50 75 150 
T I M E  in t h e  MISSION 
Fig. 49 
ws 
i 
i 
! 8-  87 
. at r e s t  
centr i fuge  n L 
2 
I 
T I M E  in t h e  M I S S I O N  
Fig. 50 
1 
8 -88 
A 
I RESPONSE TO VIBRATION 2. 
t . -* -0." 
r-L.- 7 - 1  
25 50 100 125 f%hrs 
- .  
z 5  
TIME in the MISSION 4 C Q 2  w o  z 
B 1, - 
PHASIC RESPONSE 
2. t 
. 
.. 
TIME in the MISSION 
Fig. 51 
8-89 
c 
C 0 3  
on ground 
w ~ ~ - v - . - j ~  h / 
o 1  I I I I I 1 I I 
0 l0 20 30 40 50 60 70 80 90 100 110 
t sec 
OTO 3 
A 
T+15h 
L 
4L.d -v 
0 +, I I I I I i 1  
20 - 
0 10 20 30 40 50 60 70 80 90 100 110 
sec 
OTO 3 
60 
iQI 
T+16 
20 
0 10 20 30 40 50 60 70 80 90 100 110 
sec 
u L 
Fig. 52 1.2.3 
8 -90 
80 -I QTO 3 
T+3Sh 
60 - 
0 I I I I I I 1 I I 
0 10 20 30 40 50 60 70 80 90 100 110 
see 
O f 0  3 
T+82h 
* 
20 - - 
/ ,--A- c -
0-p * ,  1 I I I I I 
0 10 20 30 40 50 60 10 BO 90 
sec 
20 - _Is1/why L-r-PQd- 
0 ---VI I 
0 10 20 30 40 50 60 70 80 90 100 
see 
Fig. 52 4 . 5 , ~  
8-91 c 
f 
60 I OTO 3 T+105 
I I I I I I I I I 1 
0 lo 20 30 40 50 60 70 80 90 100 
OTO 3 
T+107h33' 
80 
60' 
20 
0 1- 
0 10 20 30 40 50 60 70 80 90 
sec 
60 
OTO 3 
0 10 20 30 40 50 60 70 80 
sec 
I 
Fig. 52 7.8.9 
8 -92 
i 
OTO 3 8 0 7  
60- 
40- 
Ti1i2h39' 
0 
s 
w---?-.d 20 - ihww, 
0 0 "J';J I i I L i I 
10 20 30 40 50 60 70 80 90 
sec 
80 - OTO 3 
Ti l t2  h46' 
60 - 
8 40- 
20 - 7% J:yL< 0 -  
0 M 20 30 40 50 60 
sec 
* .. 
80 
60 
a 4 0  
20 
0 
0 a 
P 
OTO 3 
T+11gh33' 
ioz 
Fig. 52 10.11.12 
8-93 
OTO 4 
T+18 * 
60 - 
20-lL? 3 0 10 2  30 40 
sec 
OTO 4 
T+32h 
0 
-1,T””h“?,, , I 
0 
0 10 20 30 40 50 60 
sec 
Fig. 53 L2.3 
8-94 
OTO 4 801 
60 - 
<40- 
20 - 
0 
(u 
P 
0% I I I 1 I 
0 10 20 30 40 50 60 70 
sec 
OTO 4 
60 “i T +  3gh6’ * 
20 
0 10 20 30 40 50 60 
sec 
Fig. 53 4.5.6 
I 13-95 
OTQ 4 
T+75h 
60 
~~~ 0 0 10 20 sec 30 40 50 2oti"l.,- 0 , 
0 10 20 30 40 50 
sec 
60 8ol . 
OTO4 1 
OTO 4 
T+105 
I -  
20 - P-\ 
0 f%.- d -, h, -- , 
0 10 20 30 $0 50 60 70 80 90 100 
sec 
gc 
OTO 4 
T+12gh33' 
0 ,  Ld,cI-,a 7 L-J..d--J+---YJ---v- I I I 1 
0 10 20 30 40 50 60 70 80 90 100 110 
sec 
Fig. 53 7.8.9.10 
8-96 
i 
0.00 0 1 
1.00 1 1 
2.00 2 1 .- 
3 .oo 3 lxxxxxxxxxxxxt 
4.00  4 1 
5.00 5 1 
6 . 0 0  6 1 
7.00 7 IXXXXXXXXXXXXt 
8.00 8 1 
9.00 9 1 x x x x x x x x x x x x t  
10.00 10 1 
11 . 00 1 I I x x x x x x x X x x x x t  
1 2 . 0 0  I 2  lXXXXXt 
1 3 . W  13 IXXXXX+ 
14 .a0 14 lxx:~xXxxxxxxxxxxxxxxxxxxxxxxxxxxxxt 
15.00  15  LXXXXXXXXXXXXt 
16 .OO 16 IXXXXXXXXXXXXt 
17 .OO 17 IXXXXXXXXXXXXt 
18.00 18 1 x x x X x x x x x x x x t  
19 .00  19 IXXXXXXXXXXXXXXXXXXXXXXXXXXt 
20 .oo 20 lxxxxxxxxxxxxxxxxxxxxxxxxxxt 
22.00 22 lXXXXXt 
23.00 23 IYXXXXXXXXYXXXXXXXXXt 
24 . O O  24 1 
2 5 . 0 0  25 IXXXXXt 
26.00 26 lXXXXXt 
27.00 27 1 x x x x x t  
28.00 28 1 x x x x x t  
29 .OO 29 IXXXXXXXXXXXXXXXXXXXt 
30 .OO 30 1 
31 .OO 31 IXXXXXXXXXXXXt 
32.00 32 1XXXXXXXXXXXXt 
33.00 33 I 
34 .oo 34 l x x Y x x x x x x x x x t  
35.00 35 IXXXXXt 
36 . O O  36 IXXXXXt 
37.00  37 1xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx-xxxt 
38.00 38 1XXXXXXXXXXXXXXXXXXXt 
39 .oo 39 I x X x X x x x X x x x x t  
40.00 40 IXXXXXt 
41 . O O  41 IXXXXXt 
42.00  42 IXXXXXXXXXXXXt 
43.00 43 1 
44.00 44 1XXXXXt 
45.00  45 1 
(6 .00  46 ?XYTPX+ 
47 .oo 47 1 x x x x x x x x x x x x +  
48 .oo 18 1 
49 .oo 49 l x x x x x x x X x x x x +  
50 . O O  50 1 
51  .oo 51 1 
21.00 21 I x x x x x t  
+ 
52 .oo 52 1 
53 ,oo 53 1 x x x x x t  
54 .oo 5 1  u ( x x x x +  
55 .oo 55 1XXXXXt 
56 . O O  56 1 
57 .oo 57 1 
58 .oo 58 l x x x x x X x x x x x x  
59 .oo 59 1 x x x x x t  
60 .OO 60 1XXXXXt 
6 1  . O O  61 1 
62 . O O  62  1 
6 3  .OO 63  1 
64 .OO 64 1 
6 5  .OO 65 1 
66 . O O  66 1 
67 . O O  67  1 
68 .OO 68 1 
69 . O O  69  I 
70 .OO 70 1 
71 .OO 71 I 
72 .OO 72 I 
73 .OO 73 IXXXXXt 
74 .oo 74 1 x x x x x t  
7 5 . 0 0  75 1 
76 . O O  76 1 
77 .oo 77 1XXXXXt 
78 .oo 79 1 
79 . D O  79 I 
80 .oo 80 1 
8 2  '00 82 1 
a i  .oa 81 I 
8 3 . 0 0  8 3  1 
34 . 00 84 1 Fig. 54 ~ 
8-97 
STAN DEV. {MSE 
MAXIMUM (MSE( 
RANGE(MSEC.) 
3 2 2  
4 2 4  
4 2 7  
2 1 8  
4 2 I! 
6 4 15 
4 2 I8 
3 2 10 
6 4 21 
2 1 2 5  
9 6 31 
13 8 40 
39 26 6b 
48 32 98 
85 56 154 
41 27 182 
91 60 2cz 
33 22 264 
39 26 290 
12 8 ZQ8 
4 2 301 
5 3 304 
2 1 306 
2 1 307 
1 0 319 
2 I 312 
7 4 316 
9 6 322 
9 6 325 
25 16 345 
28 18 364 
70 46 a!0 
54 36 446 
73 48 495 
3 5  23 510 
29 19 538 
7 4 543 
6 4 547 
3 i 549 
3 z 551 
3 2 553 
2 i 5Y4 
2 1 555 
2 1 557 
6 4 561 
3 2 5 t 3  
2 1 564 
8 5 560 
13 S 5 i 9  
40 26 633 
80 53 686 
L3 15 701 
26 17 719 
8 5 124 
4 2 727 
2 I 728 
4 2 310 
42 za 606 
69.319 
21.624 
0.25834073 02 
0.9832801E 02 
0.96288003 D2 
N.SPIKES 1499.  
MEAN(MSEC. ) 0.4624364~ 02 287 
VARIAAT.COEI’€. 0 . ~ . 5 8 6 5 1 5 ~  ooN 2 h I 
MIWMUM(MSEC.) O.ZO~OOOOE 01 12 12 pm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
1 
1 
1 
1t 
I t  
I t  
1, 
1 t  
lxt 
it 
I t  
1 
lX+ 
I t  
i x x +  
1 x x x x +  
lxxxxxxxxxxxxxxt 
1 x x x x x x x x x x x x x x x x x x +  
0.00 
1.00 
2.00 
3.00 
4 .00  
5.00 
6.00 
7 . 0 0  
8.00 
9 .30  
10.00 
11 .oo 
12.00  
13.00 
14.00 
15. 00 
16 .OO 
17 .OO 
I S .  00 IS lxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxt 
19 .OO 19 lXXXXXXXXXXXXXXX+ 
20.00 LO lxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx+ 
21 .oo 21 lXXXXXXXXXXXXt 
22.00 22 I x x X x x x x x x x x x x x +  
23.00 23 lXXX+ 
24.00 24 1 t  
25.00 25 1Xt 
26.00 26 I+ 
27.00 2 7  It 
18 .00  28 1+ 
29 . O O  29 It 
30 . O O  30 It 
31.00 31 1X+ 
32.00 32 1XX+ 
33.00 33 1XX+ 
34.00 34 1 x x x x x x X x x +  
35.00 35 IYXXXXXXXXXt 
36.00 36 IXXXXXk n n h X ~ n * h ~ X X : : X X Y X ~ X ~ ~ ~  . . . -r’‘--‘” 
37.00 37 IXXXXXXXXXXXXXXXXXXXXI 
38.00 33 lXXXXXXXXXYXXXXXXXXXXXXXXXXXX+ 
39.00 39 lxxxxxxxxxxxxx+ 
40.00 40 lXXXXXXXXXX+ 
41.00 41 1X+ 
42.00 42 1X+ 
43.00 43  It 
44.00 44 1+ 
45.00 4 5  I+ % 
46.00 46 I t  c 
b 
49.00 49 lX+ t 
47.00 4 7  l t  
48.00 48 I+ 
50.00 50 I+ 
51.00 51 I+ 
52.00 52 1XX+ 
53.00 53 IXXXXt 
54.00 54 1 x x x x x x x x x x x x x x x +  
55.00 55 lXXXXXXXXXXXXXXX+ 
56.00 56 lXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX+ 
57.GO 57 IXXXXXXXXt 
58.00 58 lXXXXXXXXX+ 
59.00 59 IXXt 
60.00 60 1 t  
61.00 61 I t  
sbr 
Fig. 55 
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Fig. 55 c 
A 
b 
C 
1 msec 
c 
Fig. 56 
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TABLE 3 
OTO A2 
A t  R e s t  Centrifuge D i f f  .R-C I I 
0. 3 2.7 
.- 
A t  Rest 
2. 5 
11 
8 
12. 3 
13. 6 
13. 0 
17. 0 
22. 3 
14. 0 
16. 5 
3. 0 
14. 0 
6 
2. 5 
Centrifuge 
10 
1 1  
10.  8 
12. 8 
23. 3 
23. 0 
38. 0 
33 
24 
21 
6 
24 
20 
10 
16.9 
0.88  
2. 4 
3.35 
2. 9 
OTO B3 
D i f f  . R-C 
7. 5 
0 
2. e 
0 
9. 7 
10 
21 
10 
10 
5. 5 
3 
1 0  
14 
7. 5 
D i f f  .% Situation 
+331% on grounJ 
.. - +733% T+9-15 
+800% T+15-20 
+goo% T+21-23 
+2900% T+39 
I 1 
D i f f  .% 
+300% 
+0% 
+40% 
+0% 
+71% 
i-76% 
+I 23% 
+45% 
+71% 
+33% 
+233% 
+300% 
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SituaMpn 
on grcund 
T+9-11 
Tti 2-1 4 
T+15 
T+16 
T+20-23 
T+32 
T+70 
T+70 
T+70 
T+75-92 
T+97-105 
T+112 
T+119-144 
P) 
6" 
4 
& 
0 
-4 
u) 
3 
TABLE 3 
OTO B4 
A t  Rest 
3 
0. 5 
i. 5 
0. 5 
7 .  3 
25 
0. 4 
2 ,  3 
1. 2 
Cen tri f ugs 
5 
3 
4 
3 
1 2  
10  
1. 5 
4 
3 
D i f  f . R-C 
2 
2. 5 
2. 5 
2. 5 
I O .  7 
-1 5 
1. 1 
I. 7 
1. 7 
Diff. % 
+66% 
+500% 
+I 66% 
+500% 
+I 41 % 
Situation 
on qrounc 
T+9-16 
T+18-20 
T+22-32 
T+39-29 
93.02 
Ti92-107 
T+115-11~ 
T+119-12! 
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TABLE 4 
TIME -
Hour Minutes --
10 40 
10 45 
10 50 
1 0  55 
11  00 
14 15 
14 20 
14 2 5  
14 45 
14 50 
14 55 
15  00 
Interspike Intervals 
STANDARD - MEAN (mSf3C) DEVIATION 
9.2 0 457 
9,67 4.10 
ai 4 285 
85 1 296 
8.7 5 308 
9s 7 46 I 
9.1 3 259 
9.04 253 
10.00 68 3 
85 5 3.72 
8.0 6 357 
9.1 3 3.4 6 
16 00 I 2 5 0  5.43- 
16 os 9.4 7 7.7 8 
16 10 1430 45 1 
16 15 10.PO 3.2 9 
16 20 
16 25 
16 30 
16 35 
1 6  40 
16  45 
1 6  50 
16  55 
1069 
9.8 5 
872 
8.5 9 
8.4 o 
8.20 
83 4 
821 
& 
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4.3 4 
3.1 9 
2.9 4 
29 2 
283 
2.79 
268 
23 I 
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INFORMATION ON THE COMPUTER P R O G W  
FOR THE DATA REDUCTION AND ANALYSIS 
The d a t a  have been analyzed through an I B M  1800 
Computer with an A t o  D converter .  The c h a r a c t e r i s t i c s  of t h e  
system are shown i n  Table 5 . The computer has  been used on a 
fu l l - t ime  b a s i s ,  s t a r t i n g  i n  Apr i l  1971 t o  t h e  end of January 
1972 ,  with two teams a l t e r n a t i n g  during t h e  24 hours.  The 
main personnel involved w e r e :  
D r .  Francesco Bracchi 
D r .  Emilio Rocca 
D r .  Alber to  Morabito + 
Richard Forgie  
Lena Pavesio 
The following programs have been w r i t t e n  f o r  d a t a  
reduct ion and a n a l y s i s .  
9.1 DATA ACQUISITION PROGRAM ( E I )  
The memory of t h e  computer has been divided i n t o  
t h r e e  coreloads: 
SPECIAL AREA (SPARA) with two rou t ines  c a l l e d  by i n t e r r u p t s .  
The f i r s t  rou t ine  (TIME) is c a l l e d  every second t o  read t h e  
real  t i m e  (hour, minutes  and seconds) of t h e  experiment which 
i s  recorded on one of the channeis of t h e  analog t ape  and i s  
presented t o  t h e  computer through t h e  d i g i t a l  i npu t s .  
%w- 
The time is read second by second and memorized on 
t h e  d i s k  with t h e  d a t a  f o r  f u r t h e r  reference.  The d i g i t a l  
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input word is also compared with a series of words memorized 
in the COMMON I N S K E L .  These words indicate the time to which 
special operative functions have to be carried on, like 
beginning and end of acquisition or "end of file". 
The second routine (STOP) is called by a manual 
interrupt to stop or start the acquisition. 
AREA CORELOAD 1 contains the program D 1810 for the input- 
output operation from the buffer o f  the COMMON I N S K E L  to the 
sectors of the disk and vice versa. 
The programs contained in other areas of the 
coreloads control the input-output operation of the program 
D 3810 switching on a word o f  the COMMON I N S X E L .  During data 
acquisition a signal is provided for disk end. As soon as the 
disk is filled up a word in the COMMON is switched on to 
provide a digital output to stop the analog tape. 
AREA CORELOAD 2 (V.CORE). The SPIKE program of t h i s  coreload 
measures the interspike time intervals and the analog to 
digital conversion of the acceleration signal and stores this 
information on the disk memory. Square waves corresponding to 
the otolith signals are sent to the first 15 inputs of the 
multiplexer connected in series. The last available channel 
of the multiplexer is connected with the acceleration channel 
on the tape. The analog to digital conversion values are 
memorized in two chained.tables with a size of 1600 words each. 
After one table has been filled up, an "operation complete 
p1 
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in te r rupt ' '  s t a r t s  t h e  rout ine  working on t h a t  table. Meanwhile 
t h e  A/D Converter continues t o  memmize t h e  o t h e r  values  on 
t h e  o t h e r  tab le .  The t i m e  of completion of t h e  rout ine  n u s t  be 
less than t h e  t i m e  needed to f i l l  up t h e  t a b l e s .  A spike, i s  
recognized when t h e  input  vol tage t o  t h e  A/D converter  exceeds 
a predetermined threshold.  The i n t e r s p i k e  t i m e  i n t e r v a l s  are 
measured by counting t h e  conversion poin ts  between t h e  subsequent 
values above threshold.  The number of t h e s e  poin ts  is propor t iona l  
t o  t h e  i n t e r s p i k e  i n t e r v a l  and is placed i n  buf fers  of COMMON 
INSKEL i n  sequence wi th  t h e  acce lera t ion  value analyzed every 
50 msec. The information i s  then t r a n s f e r r e d  t o  t h e  d i s k  and 
packed i n  t h e  b e s t  poss ib le  configurat ion so t h a t  a d i s k  
c a r t r i d g e  contains  severa l  hours of recording. The minimum 
reso lu t ion  of i n t e r s p i k e  i n t e r v a l s  i s  of: about 500 microseconds. 
The rout ine  TIME a t  t h e  er?d of every d a t a  a c q u i s i t i o n  i n d i c a t e s  
on t h e  typewri ter  t h e  number of t h e  l a s t  f i l l e d  up s e c t o r  of 
t h e  disk. 
+ - 
A l l  t h e  rout ines  and programs as descr ibed above 
are w r i t t e n  i n  ASSEMBLER $800 language. 
9 . 2  DATA REDUCTION PROGRAM ( E 2 )  
ac 
The memory i s  divided i n  two coreloads: 
AREA CORELOAD 1 with program D 1810 already described t o  t r a n s f e r  
da ta  from t h e  d i s k  to t h e  c e n t r a l  memory bank. 
AREA CORELOAD 2 on which t h e  d i f f e r e n t  da ta  reduct lon programs 
can be loaded (through consecutive LINK). 
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Program YY is for statistics and for drawing histograms. 
With this program it is possible to choose through the keyboard 
by means of a number of options what kind of analysis has to be 
done. The data reduction itself can then be carried out 
automatically by means of punch cards. This program provides 
basic statistics (average frequency, standard deviation, 
maximum and minimum intervals, dinension of the sample, range, 
variation coefficient, etc.) and drawing of histogram whose 
characteristics, e.q., number of bins, bin amplitude and the 
scale factor, can be selected through the keyboard. By mear.s 
of the program INDEX a complete index of sectors and the 
fraction of the disk corresponding to minutes and seconds of 
the time code recorded on the analog tape can be obtained on 
the typewriter. 
.I - 
The program MSEQ provides for the drawing of d 
graph of the sequential means and standard deviar;ion. The 
purpose of this program is the evaluation of the mean and 
standard deviation on a sample whose size is increased by a 
constant quantity. The results are drawn on the plotter. 
Program MATIM provides for t i e  graphic repEsentation 
of the statistics and of the acceleration values: instantaneous 
frequency of the interspike time interval or the average frequency 
on samples of variable dimension on the plotter tocrether with 
the acceleration signal. The real times of the experiment are 
also indicated and the scale factors of the graphs are calculated 
automatically. 
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9.3 IDENTIFICATION AND CLASSIFICATION OF THE SPIKES' 
The digitalized electrical signal is analyzed. The maximum 
and minimum values of the record and the tine intervals between 
the maximum and the minimum and the maximum and the maximum 
are noted. ._ 
The discriminating parameters are: (a) the integer area 
between minimum, rnaximum and minimum, (b) the increment time 
of the signal between the minimum and the maximum. 
The proper threshold values of the different class 
parameters are predetermined. The spike is identified when the 
values of the parameters are above threshold. 
The program is written in ASSEMBLER 180b- ISM. 
To digitize, samples are taken every 60 microseconds and 
the anaiog signal spezd = 1/4 of the recording speed. 
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TABLE 5 
Description of the 1800 IBM system used for  data reduction of the 
090-A experiment. 
. 
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TABLE 5 
1800 IBM SYSTEM (4 nsec base cyc le)  
Type Node1 N o .  Descr ipt ion __ 
1801 
1442 
1810 
1816 
1828 
1851 
029 
1627 
1 CE 
4430 
571 0 
571 6 
3262 
3285 
3296 
3295 
3612 
1232 
1233 
1234 
5258 
5487 
71 88 
3222 
006 
BO2 
001 
002 
001 
5253 
A22 
001 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
1 
1 
1 
3 
1 
1 
2 
1 
1 
1 
1 
1 
Processor Cont ro l le r  
1442 Adapter 
Proc. I n t t p t  Adapter 
Proc. I n t r p t  Voltage 
D g t l  Input  Adapter 
Dgtl  Input Contact 
Dgtl  Otpt  Control  
Dgtl Otpt Adapter 
E l e c  Contact Operate 
Analog Dgtl Cnvtr Mod. 2 
Anal Inp Data Char. Adapter 
Anal Inp Data Chan Adapter 
Mltplex S Control 
Output P r i n t e r  Expander 
2621 C m t r c l  
D a t a  Channel 
Card Read Punch 
Disk Storaqe 
P r i n t e r  Keyboard 
Enclosure 
Multiplexer Terminal 
Mult iplexer  S .  Hlse 
Card Punch 
Plotter 
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INTERPRETATION OF RESULTS 
The sudden disappearance of the gravitational pull 
provokes on that part of the vestibular organ that dsals 
directly with the measure of the gravitational components 
significant changes 1)  on the spontaneous activity, 2) on'the 
dynamic response and 3 )  in a much lesser way, on the static 
response. To understand this statement it has to be kept in 
mind that even on the ground some units show no stimulation 
whereas the organ as a whole is always subjected to the 1 g 
gravity. On the ground in between these two conditions 
(stimulation = 0 and stimulation = 1 9) several units are 
excited by a more or less strong gravitational coihponent according 
to their position relative to the gravity vector: this is a 
function of the anatomical position in the maccula and the 
position of the head. The hypothesis can be made that at steady 
state the units that are not excited are the ones in which the 
kinocilium is either vertical or pushed away from the stereocilia. 
In this condition there appears to be no significant change in 
the firing rate: in effect while determining the receptor fkeld 
the frequency of discharge does not change from a posit&m in 
which the kinocilium is pushed away from the stereocilia till 
when it reaches a vertical stand in respect to them (see 
schematic Fig. 62 - abstract C). If this is due to 
the fact that the kinocilium after being pushed away from the 
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stereocilia during a dynamic excitation tends to go back to 
normal when the movement is ended and the head maintains its 
acquired position or if a change away from the stereocilia does 
not significantly alter the firing rate o f  the unit cannot be 
established here. The statements above are deduced by the 
functional behavior of the unit: no anatomical evidence has 
been provided so far to support this theory. 
The fact that a decrease in the frequency of firing 
of the receptor unit takes place during a dynamic negative 
stimulation of the receptor being investigated, namely, when a 
quick jerk is applied (Fig. 12$e%%ems to indicate a high 
probability for the second hypothesis. 
results indicate that if the head of the frog is subjected to 
a continuous motion (slow enough to produce an overshoot) 
covering the entire 360 solid angie nothin9 happens up to a 
certain point at which the units start firing at increasing 
Anyway the experimental 
0 
rate till saturation, maintains then this firing rate while the 
tilt is further increased (Fig. 63): thereafter from a certain 
position on it suddenly decreases the frequency of discharge 
going back afterward to the level. of activity atyest. As it 
was said in the previous section the chosen units were such 
that with the frog back down there was no excitation of the 
vestibular units from head up to the horizontal position and 
excitation started moving head down. Equivalent "g"  values in 
tilt and during rotation in an horizontal plane provoked in 
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this situation an equivalent response. 
applied the vector resulting from the centripetal acceleration 
and the gravitational pull has to be calculated to make this 
comparison. 
very likely subjected to stimulation in any given position of 
the frog head owing to the fact that the gravitational component 
was contained within their receptor field. The main change, 
therefore, as far as the activity of the receptors in general 
is concerned, is that nearly all of them were not excited during 
the orbital flight with the exception of possibly the highly 
sensitive ones that could still feel the g's residual 
gravity or the vibration of the water pump. 
While the rotation is 
However, on the ground a nuder of other units were 
* 
In "&e first case, however, the "g" level changed 
slowly with the tumbling of the spacecraft around 5 x g. 
Therefore, what was really lacking was the constant direction 
of the 1 g vector which is typical of the earth gravitational 
field and which is supposed to act as a reference point to 
determine the vertical. Another point is that the lack of 
weight on the organ will make the otolith structure float 
instead of being pushed one way or the other according to the 
position of the head. * 
The first observation that ciin be rnade is that the 
existence of the activity at rest is confirmed for all units. 
There is no doubt in effect that for a long period of the 
flight the input to the unit was 0 or at least it was below the 
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threshold of the units themselves. This result is highly 
interesting as on the ground one can never be sure that some 
accelerating stimulus might not be present and that the lowest 
frequency of firing recorded would not be simply the resalt of 
the lowest but still active stimulus. This was not the case in 
this mission, at least for the units studied: the linear 
acceleration value was below ?O-3 4's and even the vibration was 
of the same order of magnitude. 
A s  far as the basic parameters of the units discharge 
are concerned it seem that in the conditions of weightlessness 
the minimum interval and the mode remain constant as it has been 
shown on the ground in the extensive study made on the gravity 
sensitive receptors in the laboratory during the preparation of 
the flight (see Reprint C ) .  The mean frequency seems to return 
1 - 
to an approximately constant value after the changes observed 
in 0 g. ?he interspike interval distribution s s e m s  to E O l l o W  
the same general character, even during the frequency changas 
due to extended period of weightlessness. 
The most striking character of the changes produced by 
the 0 g conditions is their periodicity. A cycle of approximately 
20-30 hours has been observed in the changes. Normally this 
periodicity corresponds to an alternation of oppositreff ects : 
1. The activity at rest decreases progressively 
reaching its lowest value between 25 and 30 hours; this is 
followed by an increase the peak of which was recorded at about 
10-4 
the 60th hour, followed by a seconh dip in the 80-90th hour. 
Even in the unit in which the vibration of the pump stimulates 
for a large part of the flight, the receptor shows the same 
periodical increase and decrease in the firing wkich was observed 
approximately at the same time. Return to the norm was 
observed after 120-130 hours. 
2 .  The dynamic response followed approximately 
the same cycle with an increase or decrease of the overshoot 
and of the variation of the blocking effect when the centrifuae 
slows down to stop. Even in this case there is an alternation 
of plus and minus effect, namely, a higher response that 
alternates with a iower response. Such a behavior can be 
interpreted as due to a controiling system with no set point 
but based on the correction of a deviation from nc~rz~ after this 
deviation has been detected. As usual in a system of this kind 
an over-correction very often is observed which is in turn 
corrected. A series of adjustment, therefore, takes place 
reaching finally normalization. 
* 
3 .  After adaptation the tonic response constant 
stimulation (second half of the centrifuqe cycle at constant 
speed) does not change much in weightlessness. The stimulation 
here is supramaximal and the conclusion is that little change 
in the highest firing capability of the vestibular unit is induced 
by the basic 0 g condition. This means that if a tonic inhibitory 
or/and facilitatory effect is exerted reciprocally by the activated 
10-5 
units as it might be the case on the ground (on the ground some 
units are always excited by a gravitational component in every 
head position) this factor does not differ significantly when 
the organ is subjected to an overall 0.G g than when it is 
.. - subjected to a 1 g. 
These (No. 1 - 2 )  are long term effects that might be due 
to a mechanism similar to a learning or a training process. 
might be either nexvous or humoral. The fact that although 
generally in the same period of time the dynamic and the static 
changes are not similar seems to support :he idea that in the 
gravity sensitive receptors the dynamic and static response are 
based on two different mechanisms, whereas the fact that the 
interspike interval distribution corresponding to tne activity 
at rest and the steady response to a stationary stimulation 
It 
(the second half of the centrifuge cycle) seems to be of the sm,e 
type might indicate that the origin of the activity at rest and 
during stationary excitation is the same. 
The response during a certain period of the flight to 
.cI 
the pump vibration indicates an increase of sensitivity. In 
fact it has been proven (see Reprint D) that gravity sensitive 
receptors respond to vibration. However, both the same units 
on the ground and the control experiments performed in the laboratory 
showed that at such minute intensity of vibration the gravity 
receptors normally are not excited. However, the general characters 
.M 
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of the response appeared to be similar in the 1 g gravitational 
field and in orbit although at different intensity of the 
vibratory stimulus. It is, therefore, a quantitative and not 
qualitative variation. It is of interest to note that even 
this change disappears after a certain period of habituation. 
The short-term change observed during lift off, 
especially during the coasting after the third stage burned 
out and before the fourth ignited, follows a similar trend as 
the more prolonged 0 g condition during the orbital flight. In 
this case the firing rate decreases first and this is followed 
by a slow return to higher values. It is impossible to 
establish differentially the effect of the dfnamic factor, 
namely, the change from the high g level durinc; thrust and the 
nearly 0 g level during coasting but it does not seem to 
introduce a new element of change by itself. The slowizg of 
the rate of firing was observed also during the short period of 
low gravity during a parabolic flight ( 1 2 ) .  But owing to the 
observation above the changes seem to be induced by the low 
gravity and not by the transient from the high to low 9. 
The fact that at the end of the coasting period thcavrate of firing 
seems to approach normal value niqht not be true normalization. 
It looks more like the beginning of that alternative periodic 
change that has been seen more clearly in the prolonged 0 g 
period cf the flight. It is, however, important to note that the 
immediate effect of reaching the 0 g stage is a slowing down of the 
10-7 
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rate of firing at rest. It is important to emphazise once more 
that the decreased firing rate is not due to a decrease in the 
stimulus as we are dealing with spontaneous activity. This 
seems to prove that there is no release from a tonic inhibitory 
action as this would have determined at the very onset of the 
l o w  g a sudden increase in the frequency of discharge. It was, 
of course, impossible to check further the hypothesis as the 
first recording during the flight itself was only after two and 
a half hours after reaching orbit but from the data observed 
during the lift off it appears that in the first few seconds 
after reaching 0 g the first cycle of changes is already in 
progress. * & 
The decrease in the spontaneous firing rate noted at the onset 
of the '0' g situation (zero stimulation for  the vestibular 
organ) could instead be due to the decrease of an excitatory 
tonic activity originating in that part o f  the organ that is 
stimulated by the gravity vector. 
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Fig. 62. Schematic of the response of the vestibular 
gravity receptors to the henCiing of the cilia according to 
the current knowledge. The 2 kinds of receptors comncnly 
described are shown (the flask shaped ones (on left) and the 
cylindrical ones (on right) 1 .  
Note that only the latter are present in amphibians. _.  -
Fig. 63. A) Response of a gravitoreceptor to tilting, 
upper 3 tracinqs x y z  acceierometers. White dots in the 4th 
record represent the consecutive intervel values as a 
ciistance frorr,the abscissa ( 0  line) and each dot. The unit 
responds head down ( x  accelerometer line going up). Interspike 
intervals value, sccelercmeter and time base calibration in tte 
figure. Both the dynamic and statistic chancjes 2.t arrows 2 and 
3 do not alter the interspike interval values: as this will 
correspond to a bendico o f  the cell hair in the ink,ibitc%ry 
direction (see fig. 6 2  extreme r i c h t ) ,  it seems to indicate 
c 
that such a movement cannot produce a slowing down effect on 
the firing rate of the ucit when it is performed slow enourjh. 
?, fast tilt however will do it (fig. 12  Rep.B) 
B) Experimental set-up (diagramlatic) fo r  snapping the receptc-r 
QIC 
field of a gravity sensitive receptor in the kull frcc: 
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explana t ioos  i n  t k e  f i g u r e .  
C) R e s u l t s W  one u n i t  of t e x p e r b e n t  sketched i n  E. The 
consecutive i n t e r s p i k e  i n t e r v a l s  are mezsured as i n  A.  The 
hor i zon ta l  a m p l i f i e r  records  t h e  X accelerorceter (rrzrked i n  t h e  
f i g u r e )  ou tput .  The g r a v i t y  s e n s i t i v e  u n i t  responds t o  t h e  
1 2 O  tilt downwards inc reas ing ly  wi th in  2 Given hor i zon ta l  
ans l e .  
The numbers cri t h e  l e f t  of t h e  p i c t u r e s  correspond t o  t h e  degree 
of h o r i z o n t a l  r o t a t i o n  s t a r t i c g  a t  a conventional "0" wher, 
t h e  f r o g  i s  i n  t h e  extreme l e f t  p o s i t i o n  of f i 9 u r e  (head 
on l e f t )  an6 goinq toward t h e  middle. A t  0 t h e  head i s  t i l t e d  
downwards, a t  45O l e f t  i t  goes ha l f  way between r i g h t  s i d e  
down 
response t c  the 12' tilt is reccrded. 
Calibration an6 legends i i n t e r s p i k e  i n t e r v a l s  (20 msecjdiv) , 
marked i n  t h e  f i g u r e s .  Horizontal:  12' (0,2 g = 10 d i v i s i o a s  
recorded wi th in  t h e  f i e l d  of max. response of t h e  accelerov.eter) .  
0: ord i f ia te  ( i n t e r s F i k e  i n t e r v a l s )  and a b s c i s s a  ( q  l e v e l )  o r i g i m s .  
A 1 2  tilt ( @ , 2  g) which g ives  f u l l  responses (decrease  of 
t h e  i n t e r s p i k e  i n t e r v a l  va lues  = incressee! ra te  of f i r i n g ) ,  dces 
and he22 dowr.. Between 40" and 50° h o r i z o n t a l  the maximwn 
0 
ustr 
not a i t a r  the  u n i t  a c t i v i t y  when t h e  f r o g  i s  moved f u i l  head 
dcwr. (see 1 s t  record  on top ,  left = I O o  h o r i z o n t a l  from 0) and 
t h e  response i n c r e a s e s  as t h e  head approaches a p o s i t i o n  half  
-1 0-1 0 
way between head down and r i g h t  s i d e  down {4Oo-5O0 h o r i z o n t a l  
from 0) . 
The u n i t  response only ewers t h e r e f o r e  7Oo-8Oc; of 
angle: a t  t h e  c e n t e r  of t h e  f i e l d  i t  reaches s a t u r a t i o n  a t  
approx. 0.04 g (2.5O v e r t i c a l ,  40-500 h o r i z o n t a l ) .  Outside t h e  
f i e l d  no change i s  observed i n  t h e  i n t e r s p i k e  i n t e r v a l  va lues  
( r ec ip roca l  of t h e  f i r i n g  rate) although t h e  c i l i a  must be ker . t  
i n  t h e  presumed i n h i b i t o r y  d i r ec t io r , .  
hor iacntaf  
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S E C T I G N  11 
OBSERVATION OF THE GENERAL IMPACT OF THE CHANGES OF THE 
S I N G  E PRIMARY NEURONS A C T I V I T Y  ON THE F'L'NCTION OF THE 
V E S  5 IBULAR ORGAN A S  A WHOLE AND RELATED BODY SYSTEMS 
If we consider the vestibular organ as a whole and if 
we think that the data obtained on very few units might be 
representative of the behaviour of all the units then we are 
dealing with an organ the spontaneous activity of which is 
oscillating slowly from peak values well above and low values 
well below the normal rate of firing at rest. Although the 
study of only t h r e e units might be considered insufficient 
the fact that the periods and the trend of the ehanges seem to 
be approximately the same within a certain limit and that such 
event takes place not only for two opposite vestibules of the 
same animal but also in a different animal might support the 
above expressed poiilt of view. There are CLtjc factors that have 
to be considered ir! tzyizq to explain this peculiar behavior. 
First, the otolith membrane and related jelly structure are 
without any load during free fall and, therefore, they might 
* . 
tend to float in all directions in a much freer way than in the 
gravitational field in which the mass of the otolfth exerts a 
pressure and, therefore, a pull on the supporting structure. 
This fluctuation night in turn modulate the activity at rest. 
The second element is that the high activity in the organ on 
earth due to those units that are stimulated more or less by 
the gravitational components might exert a controlling effect 
&w 
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via  a feedback system of which t h e  outcoming pathway w i l l  be 
t h e  a f f e r e n t  and t h e  incominq con t ro l  t rac t  w i l l  be t h e  
e f f e r e n t  f i b e r s  t h a t  have been descr ibed,  although i n  a very 
l imi t ed  number i n  the  v e s t i b u l a r  nerve,, foge the r  with 
p a r t i c u l a r  synap t i c  junct ions (much granulated)  on t h e  , E O W e P  
p a r t  of  t h e  v e s t i b u l a r  r ecep to r  of t h e  frog (9, 2 7 ,  e - 3 0 ) .  
The slow rate of f i r i n g  (changing with a per iod of 
nea r ly  one day) i s  o f t e n  i n t e r r u p t e d  Luy c superimposed b u r s t  
of s p i k e s  t h a t  could be due t o  an increased s e n s i t i v i t y  t o  
minute s t imu la t ion  following l imi t ed  movement of t h e  head o r  
might be a primary phenomenon of which t h e  movements a r e  t h e  
secondary e f f e c t .  The b u r s t - l i k e  a c t i v i t y  hqs been seen i n  
one f r o g  on one s i d e  only and t h e r e f o r e  it introduces a 
functional. assymmetry lsetweeil t he  two l abyr in ths .  The  s i t u a t i o n  
e x i s t s ,  t h e r e f o r e ,  ir, which a near iy  simultaneous v a r i a t i o n  
i n  t h e  same d i r e c t i o n  i s  observed i n  t h e  a c t i v i t y  of t h e  two 
organs placed symmetrically a t  t he  two s i d e s  of t h e  head, 
whereas some a d d i t i o n a l  Superimposed e f f e c t  i s  l imi t ed  t o  one 
s i d e  only c r e a t i n g  a d i f f e r e n t i a l  i npu t  t o  t h e  c e n t r a l  analyzer .  
Even t h e  change from a t o n i c  t o  a phasic  response happens i n  a 
d i f f e r e n t  per iod of t i m e  i n  t h e  two i ln i t s  of t h e  s a m e  f r o g  
belonging t o  t h e  v e s t i b u l a r  nerves s i t u a t e d  on t h e  opposi te  s i d e  
of t h e  head and t h i s  too w i l l  create an assymmetry with a 
d i f f e r e n t i a l  i npu t  on t h e  two s ides .  
PI 
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The output of the organ as a whole. therefore, shows 
8 coherent periodical change with a very slow period added to a 
highly assymmetrical and very rapid activity. This assymmetry 
is further enhanced as a result of the general decrease of the 
threshold of the units so that some are able to pick up signals 
to which they were before insensitive, whereas some others are 
not. On top of this the disruption of the basic pattern 
existing in the 1 g gravitational field has to be considered. 
The result is a profound alteration of the basic output of the 
vestibular organ that is bound to have a sianificant effect both 
on the vestibular units and on related structures. 
Onelast alteration has to be consiaered, namely, the - 
fact that as the response to a steady rotation does not seem to 
~ change as much as the activity at rest sane units in s0rn.e 
periods of the flight show a very little contrast and a low 
discrimination whereas in some others just the oppositetakes 
place. This too will determine an assymmetry. 
The profourid changes in the output of the vestibular 
organ cannot fail to exert a deep impact on related systems 
both in the vestibule itself and in the various parts of the 
body which are controlled by the vestibule. 
decreased firing rate in the first three days although interrupted 
by high frequency peak might be the origin of the space sickness. 
This might be further enhanced by the functional assymmetry 
mentioned above. 
ZL 
The overall 
In fact if the theory that the otolith system 
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might in certain conditions control the semicircular canals 
holds true a decreasing influence of the otolith might result 
in an increased sensitivity of the canals and, therefore, 
produce the motion sickness syndrome. Even the increased 
sensitivity of the otolith units themselves might help in this 
direction as the main influence of the vestibule are taking 
place through two main systems: the descending tract reaching 
the motor neurons controlling muscle tone and posture and the 
vegetative system. Such controlling effect is bound to be 
exerted by the tonic influence of the vestibular activity at 
rest and, therefore, such profound changes as the one described 
here are bound to alter the muscle tone, the eye movement, and 
the activity of the vegetative system and, therefore, for 
instance, the cardiovascular and digestive functions. It is 
not pcssible without further experimental work to prove such 
an assumption but similar effects as found in 0 g can be 
duplicated experimentally in the laboratory and the resulting 
alterations studied in the related systems. 
- 
The capability of adjusting to a specific environmental 
change at the single unit level seems to be the most important 
finding of this experiment. It appears, in effect, that the 
single unit of a sense organ is able to s l o w l y  adjust to z 
change of the basic variable of its input through a prolonged 
trial and error process. Kowever, this slow changing process 
that finally assures a normal functioning of the vestibular 
%sw 
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organ at 0 g must result in a completely different functional 
equilibrium of the organ as a whole. 
Examples of similar adaptive mechanisms show that 
changing back to the original value of the environmental 
variable involved might take just as long a time and provoke 
just as important an alteration as the previous change. 
Experiments performed by inverting the images in front of the 
eyes through appropriate lenses showed that the training 
period took approximately five days and that as zany days were 
necessary when vision returned to normal by taking away the 
lenses (181. The adjustment of the blood composition to low 
PO in people that start living at high altitudes takas a very 
long period of time, up to some weeks, and the same is true for 
the readjustment to the PO2 value at sea level. 
through conditioning in animals and rran has a similar long 
time course as the unlearning curves for the same variable. 
- 
2 . 
Learning curves 
It is quite possible that after adjustment at 0 g ,  
upon the return to the ground condition, an equivalent process 
of adjustment could be necessary: this has already been observed 
on other biological changes like the circulatory and blood 
composition, bone calcium, etc. There is some indication that 
SaD 
this may be the case also for the vestibular apparatus from the 
behaviour of one of the three astronauts of the Apollo 75 flioht. 
Irwin was subjected for three days to a sensation of disorienta- 
tion in flight with the impression of being inclined by 30° when 
lying horizontal on his couch. This impression was so strong 
that the couch being free to'inove he actually found himself, 
while waking up, inclined upward by 30° as if his vestibular 
senses did correct his posture on the wrong impression. After 
return to the ground Irwin had the same kind of disorientation 
for about seven days till it.finally disappeared. .Even the 
sensation of altered position during the flight disappeared 
around the fourth or fifth day. This result seems to correspond 
nicely to what was observed on the frog labyrinth and this 
brings up the problem of whether or how the observed results on 
the bullfrog might be applied to higher species. 
In a paper by Sir E. D. Adrian ( 1  ) ,  Nobel Prize 
winner for physiology, it is stated "The goregoing results have 
not shown any marked differences between the cat's vestibular 
apparatus and that of the frog or fish. There are the grsvity 
receptors to s i g n a i  the postcre and lfns2r acceleration of the 
head and the rotation receptors to signal turning movements, 
and all of them react in a manner which is consistent with the 
structure of the sense organs and with the reactions which it 
produces in the intact animal". This statement can be substantiated 
by anatomical and functional considerations. &om the anatomical 
point of view work to be published by D. A. Hillman (13)* 
University of Iowa, Iowa City, Iowa, shows throughout photographs 
obtained with a scanning electron microscope that the vestibular 
receptors of the frog are, identical with the similar vestibular 
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cylindrical hair cell Type 2 receptors in the cat, the guinea 
pig and monkey ( 3 4 ) .  
there is an additional type of hair cell, nanely, the flask- 
shaped hair cell. This difference, however, does not apply to 
the fact that investigating a single unit activity we can 
compare successfully the mechanism of the cylindrical type. hair 
cell of the frog and of iower and higher mammals. 
The only differecce being that in mammals 
In the frog tho evolution from bony fishes has already 
been accomplished insofar as instead of a single otocone a large 
amount of calcium carbonate crystals exists connected together 
on a basal otolith membrane as it i s  the case in all superior 
species. The hair distribution on top of the hair cells follow 
the same polarized system; namely, a single kinocihum placed 
in an eccentric position in respect to a large number of 
stereocilia (between 60-100) assilres polarization of response 
by the same identical setup as shown in the squirrel mazkey's 
labyrinth. The nerve fiber juction in the two kinds of cells 
is the same, reaching the bottom part of the sensor cell. Tests 
made by Osborrie in Dr. Lowenstein's Birmingham Laboratory have 
shown that frog's receptor cells have the same efferent 
controlling system demonstrated first in the guinea pig* 
Catherine Smith ( 3 3 ) .  
These facts demonstrate that in the frogs the cylindrical 
type receptors are structurally identical to the analogue cell 
type in all mammals, man included. 
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Functionally, it only takes to compare the results 
published by A. Rupert ( 3 1 )  and co-workers using the same 
techniqua in the cat that we have been using in the frog and 
especially the kind of response to tilt of the cat head in 
Figure I ,  page 103, with the one published in Gravity and the 
Organism (111 ,  page 266, in the frog to show the same functional 
characteristics, namely, a) irregular firing at rest; b) increased 
frequency of discharge during positive tilt; c )  blocking of 
discharge during back tilt; polarized response, restrictive 
receptive field, overshooting at high speed tilt, threshold of 
stimulation are extremely similar in the two cases. (See also 
Vidal ( 3  6) and co-workers . ) * .. 
Recently a work published by F. Barale ( 2 )  and co- 
workers from Pisa coxparing the control influence of the 
labyrinth on postural muscles inZiczte a striking similaricy 
between the frog and the cat. 
There isn't any evidence in the literature of anybody 
having found a significant difference between the single unit 
mechanism of the frog and even of lower animals like fish and 
that of higher mammals up to man. In fact all the cla%%ical 
physiological work on the vestibular mechanisms both for the 
otolith system and the semicircular canal done by Lowenstein 
(21, 2 2 ,  23)  as has been mads on the ray and nobody disregarded 
it as a relevant information on the vestibular mechanism. 
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As a concliision, therefore ,  i t  can be s t rongly 
suggested t h a t  l imi ted  t o  s ing le  u n i t  a c t i v i t y  the  r e s u l t s  
obtained during the OFO-A f l i g h t  on the  bul l f rog a r e  t o  be 
taken i n t o  account even f o r  assessing s imilar  a c t i v i t i e s  i n  
mammals ,  and,therefore,  or? man. 
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SECTION 12  
REPORTS TO CONGRESSES, ETC. 
The results described here have been already reported 
_ -  in part to the following Congresses: 
1. XIV COSPAR Meeting, Seattle, Washington, June 1971. 
"OF0 Experiment Technique and Preliminary Conciusion: Is 
Artificial Gravity Needed during Prolonged Weightlessness?" 
2.  X?W International Congress, Munich J u l y  25-31, 1971.  
"Spontaneous and Evoked Activity of Bullfrogs Vestibular 
Statoreceptors in Weightlessness. Four Units Sampled 
Continuously during a Six-Day Orbital Flight." and presentation 
* 
of NASA Film "Orbital Frog Otolith Experiment. The Activity at 
%st and the Responses to Centrifugal Accelerations of Single 
Vestibular Statoreceptors During 7 Days of Orbital Flight at 
1 0 ' ~  G." 
. 3 .  AIAA/ASMA weightlessness and Artificial Gravity 
Meeting, Williamsburg, Virginia, August 9-11 , 1971. "The 
Vestibular Space Experiment OFO-A: Some Results and Conclusions" 
and presentation of NASA Film "Orbital Frog Otolith Experiment. 
The Activity at Rest and the Response to Centrifugal Accelerations 
of Single VestibuLar Statoreceptors During 7 Days of Orbital 
Flight at G." 
&w= 
4 .  National Physiological Congress, Palermo, 
September 27-30, 1971.  "L'esperimento vestibolare OFO-A. Una 
dimostrazione a livello deile cingole mit2 clel mecconismo 
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del process0 di adattamento fisiologico ad un nuovo fattore 
ambientale. and un film NASA sull 'esperhento orbitale OFO-A 
"L'attivitg spontanea e risposte all'accelerazione centripeta 
di singoli statocettori vestibolari esposti per 6 giorni e 
mezzo allo stato di imponderabilita ( I O e 3  max) ' I .  
TWO papers are in preparation to be published by 
some leading journals in the physiological fie-ld. 
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SECTION 13 
CONCLUSIONS 
13.1 TECHNICAL ACHIEVEKENTS - GENERAL APPLICATION 
The experiment OPO-A I )  was completely automatic; 
- -  
2) was planned in such a way to last several days, 3)  was based 
on the recording of the action potential of single fibers of 
the vestibular nerve of animals kept in a true physiological 
condition, 4) all the environmental variables (temperature, POz, 
humidity, pressure, etc.) were carefully controlled, 5) a 
carefully constant proper stimulus was applied periodically 
according to a predetermined program that could b_e changed as 
a function of the results. It was necessary, therefore, to 
solve the following technical problems as nothing existed in the 
literature that could be used. 
1. To devise a system for the recording through 
microelectrodes of the activity of the single nerve enit that 
a) could be performed in animals in good physiological condition 
with no narcosis and with no alteration in the central peripheral 
nervous system, b) was continuous from the same unit Lor several 
days with no deterioration and c) would as in a and b not be 
altered by the extremely high mechanical distrubances. 
2. TO build up an environr.ent that maintained the 
animals in normal conditions from the physiological point of 
view both in the earth atinosphere and in space. This would also 
include proper monitoring of the basic parameters of such an 
environment. 
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3 .  To study a telemetry system that might be able to 
record the action potential of single units with such a minimum 
distortion as to increase the well known shape and general 
characteristic of the action pctentials themselves. 
.. 
4 .  If the flight was successful several hundred of 
hours of information both of the single nerve units and of the 
EKG would have been obtained. Owing to the fact that the 
experiment was an absolute first and the conditions applied to 
the vestibule were never tested before some unforeseen results 
might be obtained. Consequently, it was necessary to be able 
to switch the experimental program to different-routines 
during the experiment according to the results that were 
previously achieved. To chis end it was necessary to devise 
a data reduction program that allowed: 
a) to perforn: an immediate analysis during the flight 
of sufficient enough number of data that were incoming continuously 
from the receiving stations and to achieve clear enough con- 
clusions in order to determine how the flight program had to 
progress. This required a quick look analysis comprAhensive 
enough to give significant information and contained in a 
limited enough time as to be able to provide the plan for the 
continuation of the experiment while the experiment was in progress. 
b) As the experiment was necessarily limited as far 
as the number of units explored and very costly, therefore, not 
easily repeatable, it was necessary to devise a data reduction 
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and analysis program that will extract all possible information 
from the acquired data and that within a reasonable time. 
All these problems have been solved satisfactorily as 
it is shown by the complete success of the experiment and of 
the data analysis that followed it and that is herewith reported. 
Point I, namely the recording technique with neutral buoyancy 
microelectrodes has been described in the enclosed Reprint A 
and later modified for the experiment according to the new 
requirements of the Scout launch as indicated in Section 4 .  
For the success during the qualification tests for linear 
acceleration vibration see Section 6. 
success during the flight proved this technique unique in the 
fact that it answered all the questions, namely, it was able to 
withstand up to 10 g's linear acceleration plus up to 3 g's 
of centripetal acceleration during the spinr,ing of the fourth 
stage and the superimposed high level sine vibration not only 
without losing the fiber from which the recording took place 
The final test 2f the 
* 
but to the point of allowing continuous recording from the same 
fiber during lift off. Some minor problems existed in the fact 
that during the actual firing of the thrust motor the activity 
of the nerve increased to a point that additional units 
activity masked the original action potential. However, it is 
hoped that the special computer program provided for the purpose 
of recognizing a given action potential in between several 
others might allow analysis of data even during the actual firing 
B.v 
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of the rockets. Anyway it is quite feasible to build more 
discriminating electrodes for future possible applications now 
that the problem has been identified and tests provided for 
achieving a high enough discrimination. _ _  - 
During simulated mission on the ground recording up 
to 17 days from the same unit has been obtained and the actual 
recording of the unit for the flight xas started €wo days 
before launch and continued till the frog deteriorated in 
health probably due to exhaustion of the power of the spacecraft. 
Even in this case at least eight days of the same single units 
activity was obtained. The possibility OT iaplanting electrodes 
according to the routine described in Section 5 allows the 
animal complete recovery before the data are considered valid. 
I3 fact even the surgically provoked op%niog ir? r-he ~ K 1 ~ 1 1  in
order to implant the microelectrode is after two or three days 
sufficiently protected by a new formation of tissue as to 
completely enclose the cavity in which the medulla and the 
vestibular nerve are situated: consequently, the original 
conditions are restored and as the days pass riPach protection 
thickens and becomes partially ossified. In the simulated 
mission that lasted beyond 1 2  days inspection showed a nearly 
completed reconstruction of the bone structure which althouqh 
still soft was quite sufficient for an efficient protection of 
the nervous tissue underneath. Histological evaluation of the 
condition of the vestibular nerve showed that after two or 
* 
4 
three days swallowing due to handling of the nerve itself 
completely disappeared and the material used for the micro- 
electrode construction appeared to be completely neutral as far 
as the reaction of the tissue was concerned. Work now in 
progress in Dr. Lowensteinb laboratory is studying the lesion 
produced by the microelectrode with the electron microscope' 
technique in order to further exaxbe possible reaction of the 
tissue. This work is not yet completed and the results will 
be transmitted to NASA as soon as available at a later date. 
Even from the functional point of view the lack of 
any alteration with time of the action potential parameters 
seems to indicate that no functional injury was observed even 
at the level of the nerve fiber from which the recording took 
place. This was very likely the one nearest to the micro- 
electroae tip. The inspection of the animal after the end of 
a prolonged sirnubated mission on the ground has shown that no 
visible alteration both morphological and functional appeared. 
The parameters of both the EKG and the single fiber action 
potentials after the high acceleration and vibration due to the 
firing of the third stage during coasting did not show any 
significant modification. 
shown during the actual firing of the rocket (Fig.25 ) .  These 
results seem to prove that the microelectrode technique in 
every way satisfied the requirements. 
Moreover, no mechanical artiAact was 
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The FOEP proved to be a perfect solution for 
maintairiing physiological condition in an animal underwater. 
It will provide a suitable tool for new experiments both in 
space and in the laboratory performed on fish or amphibiails, 
namely, animals that live in water in which the environmental 
conditions are carefully controlled and monitored. However, 
some inconveniences existed. The water circulation system 
introduced an unwanted artifact as the water pump vibration at 
a certain stage was too strong and although additional 
information was provided by the fact that some units reacted 
to it it did not satisfy the original requirement of no 
mechanical stimulus for all the vestibular unit. The centrifuge 
that provided the centripetal acceleration for the stimulation 
of the units was not conpletely satisfactory. The qear system 
introduced irreguiar vibraticn that inade the analysis of data 
more difficult to interpret. These were the only p a r t s  that 
were not completely satisfactory. The life scpportinq system 
performed very well and the monitorin9 of the different 
parameters provided all the necessary information. The 
telemetry system allowed the recording of the actioLpotuntia1.s 
with such a minor distortion that even in the laboratory it is 
.. 
difficult to obtain signals of the same high qilality (see Fig.23 ) .  
This too is an absolute fi.rst and can be used for a number of 
scientific applications. 
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Both the quick look program and the final data 
reduction program allowed most of the required information to 
be achieved. This work is constantly progressing. Many 
original programs have been studied and tested satisfactorily. 
A team has been put together that continues this kind of work 
on computer application in biological applications and very 
valuable experience was achieved in the field. This work is 
due to the fact that for the first time hundreds of hours of 
activity from the same unit were available and, therefore, a 
number o€ tests could be made for determining both the 
usefulness of the programs themselves and the repeatability of 
the biological information in stationary condition Over a long 
period of time, namely, containing several cycles of 2 4  hours. 
- 
The points 1-4 above mentioned and the relative 
discussion provide the solution of a number of problems never 
before achieved that might open a new path in the physiological 
research. In fact they allow the investigation of the singie 
unit activity of any biological system the function of which is 
accompanied by action potentials a) in stationary physiological 
condition, b) in an environment with constant parameters within 
predetermined limits and c) for a long enough period of time to 
include several 24 hour cycles. All this is possible now without 
c 
any difficulty involving movements both spontaneous of the 
animal or due to the environment. Using the new implantable 
biotelemetry systems (8 ) it is p o s s i b 1 e t o 
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allow the animal to go free in a large controlled environment 
with no constrant and to record at a distance in these conditions 
the activity of single units of any system showing electrical 
pulses. It has to be emphasized that up to now none of this 
was possible and the recording of single unit activity was only 
feasible with a completely immobilized animal that underwent 
surgery immediately before the recording. The implant of 
microelectrodes or micropipette only allowed recording for some 
minutes and even methods described in the literature ( 1 4 )  that 
applies chronically in the cat or other mammals a devise that 
allows the implanting of a microelectrode thcough a remote 
control system does not really avoid the fact that the recording 
is still performed after an acute implant with the tissue 
injured by the microelectrode penetration and no t i m e  ailowed 
for recovery. Besides evca in this case the recording is 
limited to a few minutes and there is no way of avoiding 
displacement even for minor mechanical impacts. 
It is self-evident that the investigation of the 
electrical pulses at single unit level as a function of time and 
as a response to a voluntary or imposed environmental activity 
of the animal, after its complete recovery from the experinental 
surgery, is a new and important field of the physiological 
research. With this technique it will be possible to study in 
several consecutive cycles of 24 hours the changes both spontaneous 
or due to the experinental routine of the single unit activity 
e= 
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of sense organs, of different centers of t h e  central nervous 
system, of the central analyzer like the specific and aspecific 
center of the reticular substance. This can be done by 
implanting a number of microelectrodes in related nervous 
centers and studying the prolonged biorhythm of, for instance, 
the cardiovascular nervous center, the different parts of the 
hypothalamus, the reticular substance, etc., and studying the 
response of single units of the substrates for several days 
while the animal is subjected to a number of environmental 
conditions or stresses. This technique allows completely 
automatic experiments in ar, environment that can be totally 
controlled. In fact it is possible to investigate single 
unit.activity in animals placed in large rooms or containers 
completely free to move. A miniaturized implantable telemetry 
system with several channels is the m l y  additional apparatus 
necessary for performing such an experiment and the experience 
obtained through the telemetric link between the OFO-A capsule 
and the ground provided a series of parameters concerning the 
specifications of such a transmitter. 
.. 
As a conclusion it can be said that the OFO-A 
~ 
experiment over and beyond its specific results in the field of 
the vestibular physiology and in space biology provided new 
remarkable possibilities in the field of physiological research 
in general. 
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13.2 THE BASIC RESULTS OX VESTIBULAR PHYSIOLOGY 
To assess the contribution that the experiment OFO-A 
provided for basic vestibular physicrl.ogy it has to be taken 
into account both the preliminary work done in the laboratory 
with simulated niissions and the results of the OFO-A mission 
proper. The main point is that for the first time it has been 
possible to record the activity or’ a nerve fiber connected with 
the vestibular receptors of different kinds in a closed loop 
system, namely, with the animal intact except for a minor 
limitation of the animal freedom of movement due to the cutting 
.. 
of the main nerve connection of the four lfibs. This was not 
necessary for the recording of the vestibular activity per se 
but to avoid movement of the head following kicking and 
contraction of the limbs. In fact to be sure that the 
stimulation of the labyrinth both in the laboratory on the tilt 
table and in the capsule during centrifugation corresponded to 
the imposed mechanical change the head had to be firmly fixed. 
It was found that this was practically impossibie if the frog 
has the freedom of its leg movements especially $&e posterior 
ones but except for this all the systems cf the frog were in 
physiological condition. 
The main results of the contribution to the vestibular 
physiology are summarized in the tnree enclosed reprints (B, C 
and D) and further up-to-date information will be given in two 
articles that are now in preparation. One of the most irnpor:;ant 
db 
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points is that it requires a certain time from a minimum of one 
hour to a maximum of three to four hours before the activity 
recorded from single nerve fibers through the tungsten micro- 
electrode stablized to a stationary state. Once this is 
achieved and a given high enough numSer of intervals are - - 
considered in order to provide statistically significant 
samples, all the parameters that can be used as an index of 
the physiological activity of the unit indicate a steady condition 
with no detectable trend. If such a trend develops, and 
normally corresponds to a progressively decreasing rate of 
firing, this is due to the deterioration of the animal as a 
whole. 
the index of the single unit activity is stationary, namely, 
both the average and the variability of the firing is contained 
j.n a given limit. The indices that have been teken 2s significant 
to define the single unit vestibular activity are the minimum 
interval, the average frequency, and the interspike interval 
distribution as represented by the interspike interval histogram. 
Another point that appeared quite clearly from the study of 
about 500 vestibular units so far had shown that all-ceptors 
both responding to vibration or to angular acceleration show a 
resting discharge even if originally they appeared quiescent. 
These units show a typical slow resting discharge. A third 
point which in a way seems to be the consequence of the 
previous one is that in an animal in which the physiological 
* 
When the physiological conditions are stationary even 
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conditions are maintained good the vestibular nerve is extremely 
active. This was confirmed by the fact that after a successful 
implant of a microelectrode in which a single unit was quite 
evident on a nearly silent background, after 24 hours or 48 
hours an additional background activity appeared that could be 
detected at a lower amplitude and the general pattern of the 
recording remained thereafter constant. This can be interpreted 
as an indication that the handling of the preparation, the 
recent surgery, possibly slight impairment in the general 
condition will effect the vestibular activity blocking some 
units reversibly. 
local and general condition will restore the norrnal activity 
of the vestibular organ end nerve. 
Allowing enough time the rgcovery both of the 
Nearly all the already known information achieved 
with acute experhentation on the vestibular receptor has been 
confirmed even during the long range recording. One point that 
appeared quite clear during this research work was that the 
gravity receptors respond quite easily to vibration. This is 
a somewhat controversial point but it is difficult& object 
to the results as presented 
It has to be emphasized that 
vestibule was not touched at 
within the -QQrmal’ situation 
n Reprints C and especially D. 
during these experiments the 
all and was completely closed 
and that even the opening in the 
palahe at the time of the experimentation was sufficiently 
closed by a new tissue formation to provide a nearly 
physiological situation. 
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The lack of mechanical artifact during the vibration 
and especia1l.y the fact that even a high g thrust and vibrations 
as during the lift off was not able to provoke not only the 
displacement of the electrode but mechanical artifact indicates 
that no alteration of the nerve at the implant site was likely. 
A last point is that there seems to be less variability in a 
response to a control stimulus in stationary condition when all 
the environmental variables are controlled than it is reported 
in the literature. 
A large amount of data have been collected during 
the seven years preceding the launch and during the launch 
itself. These have been analyzed only partly so-far and the 
analysis continues so that further data will be obtained and 
sone uncertain results will be confirmed or disproved going 
through the existiag accjufrod icformaticn. The Inair? results in 
the field of the vestibular physiology achieved during the flight 
are as follows. 
* 
-I. An environmental change involving the basic input 
of the sense organ is able to modify over a long term both the 
activity at rest and the response to Stimulation of 2Ph4restibular 
unit. 
2. These changes appear to be the result of the 
effort of a servo mechanism, nervous or humoral, to adjust the 
organ to the new condition by a process of over-correction. 
Normalization is finally achieved even at the single unit level. 
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3 .  The dissociation between the tonic and the phasic 
response of the receptors sensitive to gravity seems to support 
the idea that the two responses are due to two different 
mechanisms. I .. - 
4 .  The alteration in the activity at rest that seems 
to be largely independent from the alteration of the response 
to an appropriate stimulus confirms the role of the activity at 
rest which cannot be considered white noise. In fact the changes 
of the activity at rest increase or decrease the differential 
between the baseline and the response to the stimulus of the 
9 
receptor, from zero to a maximum, in a way which is independent 
from the input. It seems, therefore, that the general activity 
constitutes a kind c?f set point 01: which the evoked responses 
arz Sascd. 
5. If the activity at rest is the vehicle through 
which a tonic control is maintained on related organs like the 
spinal motor neurons and the vegetative systen, the fact that 
it can change as a function of some environmental variable 
introduces a new parameter in the relationship betwe% the 
vestibule and the related organs themselves. 
6. The capability of the vestibular receptors to 
adapt to a change in the environment seems to indicate a better 
adapting mechanism than the one based or, a compensatory activity 
of the analyzers or of the central nervous system in general. 
On the other hand, such a complete adaptation reaching the 
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receptor level indicates such a profound change that return to 
the original condition requires an equally complex process. 
7. The fact that normalization takes place slowly 
even at single vestibular unit level indicates the existence of 
a slowly working process of the same kind as training or 
learning. 
All these points that are mentioned here are in fact 
very important fields of future research that are made possible 
by the technique of prolonged recording developed for the OFO-A 
experiment. A s  an example, to study the impact of the observed 
changes of single units activity on the function of <he organ 
as a whole, a program of research is about to start in this 
laboratory using the new acquired capability of recording for 
several days and investigating the receptor fields of the wits 
by exploring the response of several gravity sensitive 
receptors during slow turrbling covering a 360° solid angle. 
avoid overshooting and to avoid after effect the time required 
€or each such exploration has been calculated as 72 hours. 
- 
T o  
13.3 CONCLUSIONS I N  RELATION TO SPACE FLIGHT 
dr 
Three main conclusions can be made in relation to 
space flight. 
1. There is no doubt that, as it was very likely, 
the vestibular organ at single un6.t level is subjected to a 
profound change in its activity as a result of going from 1 q 
to 0 during the orbital mission. On the contrary it does not 
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seem that the transient from high g during lift off and 0 g 
is in itself a factor €or a significant alteration of the 
vestibular organ. This Is shown by trhe data analyzed Suring 
lift off of the OFO-A experiment. 
2. Through a slow process that lasted up to more 
than 100 hours the single units adjusted to the new weightlessness 
condition nearly completely both as far as their basic dctivity 
at rest is concerned and their response to movement of the head 
as simulated by the centrifuge spinning during the OFO-A mission. 
Both dynamic and static responses returned to normal. 
3 .  Such a complete adaptation very likely requires 
a readjustment going back to the I g field. 
The disappearance of alteration in the end organs 
after four to five days signifies from the practical point o f  
view that the situation is stable as far as the functioning in 
space of a living organism down to the periphery level. The 
alteration in the first days might explain the instances of 
space sickness that has been reported even recently in the 
Apollo I S  flight. The very possible need for a period of 
adjustment on the ground after prolonged mission should be 
taken into account while planning the prolonged stay in space 
and the transfer of personnel from earth to the space labs that 
are now being prepared for the near future. 
aa 
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SECTION 1 4  
PROPOSAL AND JUSTIFICATION FOR T I E  NEXT FLIGHT 
Although answering to a number of problems connected 
with the vestibular behaviour during 0 g conditions, namely, a 
true alteration at the single unit level followed by adjustment 
to the new situation until a normal activity is restcred, some 
important questions remain unanswered and some new problems 
need to be solved. In fact, 
a) the time course of the adaptability curve of the 
units studied varied considerably although all of them followed 
the same general. trend. This is due to the insufficient 
duration of the mission time that allowed to obserJe complete 
recovery in only two of the six units studied, the others being 
in a more or less advanced stage of the same process. We can 
calculate that to complete the cycle to total normalization 
some 10-12 days would be needed. 
b) Although a normal behaviour could be observed in 
at least two units for IO and 2 0  hours respectively, the 
possibility that other cycles of alteration might appear with 
a more prolonged exposure to 0 g cannot be ruled out. T&s too 
can be solved only by a more prolonged mission. 
c) The very fact that adjustment to the new 0 g 
condition takes place through a prolonged slow process lasting 
several days indicates that a profound modification in some slow 
changing process takes place reaching a completely different 
14-1 
functional equilibrium for the vestibular organ at 0 g condition. 
Examples of similar adaptive mechanisms show that changing back 
to the original value of the environmental variable studied 
might take just as long a time and provoke just as important an 
alteration as the previous change. Experiments perfornecl by 
inverting the images in front of the eyes through appropriate 
lenses showed that the retraining period for making the subject 
capable of normal visual responses took approximately five days 
and that as many days were necessary when vision returned to 
normal by taking away the lenses (18 ) .  The adjustment to l o w  
PO value at sea level. Learning curves thrcugh conditioning 
in animals has a similar long time course as'pnlearning curves 
for the same variable. 
2 
It seems, therefore, that the most important problem 
that remains to be investigated is the vestibular behaviour at 
the single unit level when the reverse step is taken fro% 0 
to 1 g. This is particularly Important as the coming space 
laboratory will involve missions in which ordinary subjects will 
be subjected to 0 g conditions for several weeks (and therefore 
the vestibular apparatus will adapt to suck a con2ition) and then 
brought back to earth. 
undergo a further adjustment and it might he that, as it 
happens for the circulatory system, going from 0 to 1 g will 
It seems very likely that they will 
be more difficult than the reverse. 
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d) An additional problem of interest will be to 
investigate the mechanism underlying the adjustment process 
assuming as a working hypothesis that, whatever the primary 
factor, the terminal pathway for such an adjustment is the 
efferent system reaching the vestibular receptors. 
_. 
The first three problems can be investigated by a 
second flight (OFO-B) increasing the duration of the orbital 
conditions to a four-week period. This would allow the 
following investigations. First, by allowing the 0 g condition 
to extend for 15-20 days with extended periods of no stimulation 
through the centrifuge cycle, it will be learned whether the 
units reach a steady state adjustment or not, as it will be 
possible in this way to have several days of stationary activity 
after the end of the changes produced in the first 10-12 days. 
A side effect of such an event will be the possibility of 
comparing the circadian rhythm already observed during simulated 
mission on the ground for several days with a similar, or 
different, rhythm in orbit as far as the nervous activity is 
concerned. This is by itself an important achievement. 
Second, if the units activity stabilize on the newly reached 
equilibrium reentry might be simulated and the effect of return 
to the 1 g gravitational field studied by respinning the space- 
craft in such a way as to apply at the vestibular level o f  the 
two frogs a centripetal acceleration equivalent to 1 g. This 
- 
method, besides requiring little or no modification in the 
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existing hardware, has the advantage of avoiding the intervening 
effect of the high stress of a real reentry before the 
investigation could be made comparatively in the earth gravita- 
tional field. In t h i s  way it will be possible to stu$y the 
reversion to 0 from I cj conclition for a long enough time to 
SUPPLY valuable information on the problem. 
As far as the fourth problem is concerned, it depends 
on the developing cf a technique that will allow the experimenter 
to interrupt either definitely or reversably the efferent 
pathway or the efferent terminals reaching the vestibular 
receptors on one side only. In this case the two sides might 
be compared to demonstrate or disprove the working hypothesis 
described above. But this is considered a secondary problem 
related more to basic physiology than to the space flight 
proper and, therefore, ever: if =he appropriate fitethod. could 
not be developed, an OFO-B experiment remains necessary. 
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A new electrode has bzen developed to allow continu- 
ous recording from the same sin& neurone or nerve fibre 
for a long period of time, up to 2-5 days. In addition, the 
electrode is designed to withstand sudden and large 
movements and even high intensity vibration (Fig. I t  and 
acceleration without being displaced and without damage 
to the nerve unit involved. 
Current micro-electrode techniques do not fulfil these 
specifications. In the chronic implantation method de- 
scribed by Hubel (1959), and modified later by Evarts 
(1960), a positioner for a hydraulic micro-manipuiator is 
chronically anchored to the animal’s skull, but the micro- 
electrode is acutely implanted, since it is inserted for each 
recordiag. A number of undesirable conditions are thGs 
elimin%ted, e.g., drugs, lesions, restrainr, etc.. but it is 
basically an x u t e  technique requiring delicate handling 
and aboidancc of abrupt mnvenier.cs of tht an:ma! ( Y i a :  
et ul. 196-4). 
The elec:rode shown in Fig. 2 consists of a very short 
ordinary tungsten micro-electrode liiubel 1957) attached 
to a piece of polyethylene tubing. The enclosed air pocket 
reduces the over-all density to that of an isotonic soldtion. 
To avoid a torque momentum during acceleration. the 
tubing is counterweighted to brin!: the centre of gravity 
towards the geometrical centre of the electrode. Also, the 
initial leading o f f  wire is small and flexible so that restraint 
on the electrode is minimiied. 
The density compensation improves by a factor of 10 
to 1 the capability of the electrode to withstand high 
acceleration without displacement. Tests performed on  a 
centrifuge using thesmall floating tungsten micro-electrode 
at txhed to the 25 p platinum wire. without polyethylene 
tubing and the counteiweight. indicated that displace- 
ment could take place at 2-3 g of linear acceleration 
instead of at 15-20 g. ?he same applies to vibratory 
acceleration in 211 three directions of space: testing per- 
formed with frequencies from 2 to 600 c,kec showed a 
resonant band between 70-100 and 250 c/sec. In this 
range the uppzr limit before displacement was lowered to 
10-12 g.  
Present address: Islituto di Fisiologia Uinana, via 
Mangiagalli 32, Milan, Italy. 
The micro-electrode with its buoyant component is 
assembled as follows. A piece cf 130 p tungsten wire2, 
which has been machine sharpened to a 3-14 j c  tip and a 
0.89 min 0.025 to 0.012 mm tapcr, is rinsed and brcshed 
in ethyl acetate. An insulated 25 ,u p!atmum wire IS 
attached to the tungsten with conductive epoxy resin at 
1.6 mm from the tip; the tungsten is cut at the required 
length, usually 1.75 mm; the conductive epoxy resin IS 
coated with Epoxylite to prptect and add bulk to the 
junction; the tvngsten with itsleading o f f  wire is inserted 
intu one end of ii polyetil>lcix tube and bonded to it with 
Epowqlite No. 223: the polyethylene tubing is progressively 
a t  until enough buoyancy is assured by the air pocket to 
compensate for the weight oftheelectrodeand thecmntei- 
wight ;  the other end of the tubing IS plugged with Epox- 
ylite No. 223 and rhe counterweights; the oiatinum wire 
is jassed out of the tubing berween rne ceunterweights 
and the inside wall cf the tubin@. 
A drop of paraffin with a meniscus of 0.05 mm is meit- 
ed on to a copyzr wire handle. The handle is lowered, 
paraffin downwards, IO the counterweighted end of the 
electrode where it is fused to the electrode itself. 
2 For finer work a 50 p tungsten wire can be used. 
3 All the msterials indicated here and in Fig. 2 can be 
obtained from :be foilowing sources in the United States: 
Epoxy 3021: Epoxy Products Co., Di=,dAll ied Products 
Corp., 166 Chapel St., New Haven. Conn. 06513. 
Epox.vlire N d .  223: Epoxylite Corp., 1428 N. Tyler .4v., 
P. 0. Box 3397, South El Monte. Calif. 
SR4: Baldwin Lima F!arnilton Corp., Electronic Div., 42 
Fourth Av.. Waltham, M a s .  321 54. 
Thinner for SR4 i? M E K  (methyl-ethyl-ketone). 
Slui ier -Mdfe  prcjtective conting NOS-986-01 5 clear 
vinyl: Stoner-hludge, Westhall at Ohio River, Pittsburgh, 
Pa. 
Thinner for Stoner-Mudge is 40% toluene, 60% MEK. 
Plutiriicrn wire (0.001’’ dianxtcr, Epoxy Enainel): Western 
Gold and Platinum Co., 525 Harbor Rid., Belmont, Calif. 
Tungsfen wire (pure tungsten 99.957;, fine ground, hard 
drzwn, 0.002’’ diameter -k 1.5y4): Sylvania Electric 
Prodacts inc., Cnemical and Metallurgical Div., H a w s  
St., Towanda, Pa. 
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MICRO-ELEaRODE FOR LONG RECORDINGS 
.?5 x 3 8 m  
~ L A T I N U M  WIRE .02s xsaso 
if? SPACE 
YLiTE ADHESIVE N0.223 
E > 1, 1 
79 
‘STONER MUDGE ADHESIVE 5486-015 
LYETHYLENE TUBING 5.91 ~9.76 
< \TUNGSTEN \10 
529 X 1.75 
Fig. 2 
Diagram of the neutral buoyancy micro-electrode. All measures in mm. For eaplanation and sources 
of materials see text. - 
The tungsten part of the electrode is then sharpened 
and insulated according to iiubel’s iechnique (Hubei 
1957) and tested for leakage. The platinum leading off 
wire is soldered to a heavier copper wire which is insulat- 
ed with tubing and tiny!. Tt !eaves apprcrximately 3 
mm of unrestrained platinxm between the tubing and the 
electrode. 
When checked for density in 0.65% saline these 
electrodes were found to stay suspended in a horizontal 
position and to rotate free!y on their vertical axes with 
0.25-1.0 mm length of platinum wire extending from the 
tubing. 
The micro-electrode is inplanted in the usual way 
with a hydraulic micro-manipulator : if it is not completely 
enclosed in the tissue, the part of the ciectrode sticking 
out from the structure is covered by a biob of agar which 
links mechanically the electrode to the nerve structure. 
After the experimenter is satisfied that the recorded 
biological responses are adequate, the electrode is re- 
leased from the handle by passing current through a coil 
surrounding the upper end of the wire handle. As the coil 
warms up, enough hcat is radiated to the handle to meet 
the paraffin comecting it with the electrode. At this point 
the micro-manipulator withdraws, thus slowly freeing the 
handle from the micro-electrode. Continuous recording of 
the unit activity during this process assures that the micro- 
electrode is not displaced. This is possible by using a 
battery source for the DC current through the coil. 
The critical points are: to choose a neurone which has 
not been even slightly damaged during implantation; a 
good index is m. approximately constant acrivity for at 
least half an hour. To use a pre-amplifier with ani nput 
current of 10-14 A or less, since the critical factor is the 
current denqity at the tip. A minia?t.;re, solid state, u;,ity 
gain pie-amplifier has been developed for use with the 
micro-e!ectrode. !? is czpsSlc of opera:i~n xhcn irnxcrsed 
in saline solution for prolonged periods: therefore it can 
be directly implanted in the animal’s body, is near as 
possible to the micro-electrode. In this way input capaci- 
tance problems are minimized. The device has low input 
noise and uses very little power. Its reliability has been 
proven over 2 years of use. 
Fig. 3 is a circuit diagram of the pre-amplifier. 
+ 3.4v 7.; 3.4v + C I  loopfd INPUT ‘T:;.. 1 , 
22u 
I( = o h m s x ~ o ~  
M * ohmsxio6 
Fig. 3 
Diagram of the pre-amplifier circuit. 
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Fig. 4 
Assembly of the pre-amplifier. From top to bottom: ( I )  power connector and output: (2) electronic 
circuit and inpr!t; (3) pleviglas base; (4) metal case' ( 5 )  awerior metal p!ate; ' 6 )  input wire. Tc tile 
left: the pre-amplifier assembled. Dimension of the casing: 20 x 14 mm. 
QI, a field effect transistor employed as a voltage 
follower, provides both a high input resistance and low 
noise operation with high generator impedances. 
4 2  provides additional open-loop gain and improves 
the simple source follower in a number of ways. It raises 
the input impedance, lowers the output impedance, 
stabilizes the gain and makes the gain more closely 
approach unity, since the circuit is essentially an amplifier 
with high open-loop gain, connected as a voltage follower. 
QZ is necessary mainly to lower the output impedance, 
since the pre-amplifier has to be capable of driving the 
capacity of an output cable subjected to mechanical 
vibration and electrical noise pick-up. 
R4 provides B DC bias return path for the gate of Q1 
and C2 bootstraps R4 so that the erective value of R4 to 
AC signals is much greater than iis actual value. In fact, 
even though this resistance path is only a little over 22 
MQ, the circuit input resistance is over 1000 MR. 
C1, a high quality glass capacitor, isolates theeiectrode 
from DC gate current and reduces the eiectrode current 
to less than A, which has been found to be a suitably 
low level. 
Measured circuit data: 
Input impedance > 1000 MQ 
Input capacity 3 PF 
Gain 0.99 
Output impedance < 100Q 
Equivalent input noise with a me 10 Mi2 source and a 
40-1000 cisec bandwidth i20pV RMS 
Power required &- 5.4 V a t  & 110p.4 
The electronic circuitry is protected from the effects of 
moisture by being placed in a hermetically sealed metal 
can, on which are mounted two smali flanges with holes 
for securing purposes (Fig. 4). The output signal, common 
2nd power leads are brought out through glass-to-metal 
seals at one end of the can, while the input lead is brought 
out through its own seal at the other end. All wires 
soldered to the pins brought out through the seals are 
covered with wax for moisture sealing and the whole 
pre-amplifier is oainted with severai layers of Tjgon 
plastic paint to give mechanical strength to the wax and 
further to seal the insu'iated wire leads. 
Thc critical factor represected by the current density 
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at the tip of the micro-electrode makes it advisable always 
to use the largest size of tungsten micro-electrode tip 
which is compatible with good single unit recording. It is 
of paramount importance, also, to use material in rhe 
construction of the electrode (the insulating varnish, for 
instance) which does not react with the tissue. For this 
reason platinum black on the tip of the electrode is not 
advisable owing to its catalytic properties. 
Electrodes such as the one described here have been 
used satisfactorily to record the activtty of singk fibres of 
the vestibular nerve of the frog during parabolic flights in 
a jet plane. The same preparation has been used on 
consecutive days, and during as many as 14 parabolic 
paths flown on the same day, with acceleration changes 
from 0 to 2.5 g and all the vibrations due to the movement 
of the airplane (Gualtierotti 1965; Gualtierotti and 
Gerathewohl 1965). 
SUMMARY 
A new electrode is described which allows continuous 
recording from single neurones or nerve fibres for an 
extended period of time. It also allows recording during 
gross movement and high acceleration and vibration. The 
basic principle of such an electrode IS that its density 
equals that of the surrounding tissue. Moreover, to avoid 
standing oscillations, the electrode is counterbalanced 
against torque momentum and it is floating. 
A miniaturized voltage-follower to be used with the 
micro-electrode is also described. It is completely sealed 
to allow implantation ill the animal. The output impedance 
is kept so low that output wire movement artifacts are 
avoided. 
R6SUMB 
UNE MICRO-BLECTRODE AYANT LA MBME DENSITE 
La nouvelle Clectrode illustrke ici est capable d'enre- 
QUE LE MILIEU TISSULAIRE 
gistrer continuellement pendant plusieurs joun 1'activi:C 
Clectrique des neurones individuels ou des tibresnerveuses, 
malgrC les mouvements de I'animal et les intenses accele- 
rations et vibrations. La densite de cette Clectrode est 
pareille I celle du tissu nerveux ou el!e est placCe. Afin 
d'eviter des oscillations de l'electrode elle-m&ne, celle-ci 
est libre et balancee contre le moment de torsion. 
Un voltage-foi!ower miniaturisC, destine a &re utilis6 
avrc cette Clectrode est dicrit Cgalenient; on pcut 1'int:o- 
duke dans le corps de l'animal car 1' est completement 
impermeable. L'impCdance de I'output est SI basse 
qu'aucun effet parasite n'esi produit par les mouvements 
des tils de l'output. 
The pre-amplifier here described was developed by 
Gordon Deboo, research scientist, Electronic Research 
Branch, Instrumental Division. Ames Research Center, 
NASA, Moffett Field, Calif. 
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The Gravity Sensing Mechanism of the Inner Ear * :\ 
Reprint B 
Torquato Gudtierotti, University of Mikn 
A major question in the consideration of gravity sensing mechanisms in organisms is whether 
specialized receptors really exist. Are there specialized structures in the examined organism 
(whether plant or snimai, invertebrate or vertebrate, uni- Oi pluriceiiular systems) which respond 
to differences in magnitude OK direction of gravitational force? Moreover, is the evoked activity of 
such receptors proportional to constant levels of linear acceleration or, possibly, only to the 
transients from one value of linear acceleration to another? 
A second relevant problem is concerned with the way in which information about the relation of 
the organism to the gravitational pull is coded in the afferent neurons and presented to the fixst 
level of analyzers in the nervous system. Extending the problem above this Ievei would intrude on 
the more general field of second-order information processing within the central nervous system, 
an area beyond the scope of this mceting. Therefore, my discussion of the above-mentioned 
questions will be limited to the most specialized gravity sensing mechanisms, the utricular and 
saccular otolith cells of the inner ear. 
Functional Characteristics of the Statoreceptors 
There is no doubt that the otolith cells are the rnechanoelectric transducers for the detection of 
gravitational information. The anatomical characteristics of the two kinds of receptors shown so 
far (fig. 1) have Seen dready described by Professor Lowenstein. Functionally, three d:ifeient 
events can be descrjbed in each receptor: 1) the mechanical alteration provoked by the 
gravitational component: 2) the corresponding energetic changes in the receptors; and 3) rhe 
consecutive electrochemical events at the synaptic junction thar fire the information along the 
nerve fiber. The first mechanism is situated in the system, including the statoconia surrounded by 
a protein statolith membrane, rhe endolymph, and the receptor’s hair. This system acts as a 
density difference acceleromerer, as the density of the statoconia and the statolithic rnzbrane  
that acts as a whole is twice the density of the endolymph- 1.9-2.2 and 1.02-1.04 respectively 
(Trincker 1962). The statoconia shift along the decline with every movement of the head and act 
on the hair, beginning the energeric and electrical change. 
Although some doubts still exist about the reiative roles of the stereocilia and the kinocilh in the 
transformation of the mechanical deformation into electrica! change (Lowenstein 1966, !067), the 
prevalent opinion is that the shearing movement of the statoconia and the Corresponding tending 
of the hair process provide adequate mechanicai stimulus. There are still some different views: 
Sasaki et al. (1951) maintain that pressure perpendicular to the macula is the acting force. A new 
hypothesis was presented by Dohiman (196Oj, namely, that the excitarion of the hzii cells is not 
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Fig. 1 
Functional changes in one flash-shaped gravitoceptor: 
(1) At the upper end, the statoconia (not shown), the 
hair. the baaal membrane of the steieocilia (H) and 
the foot of the kinocilium constitute the site of the 
mechanical alteration. 2) At the mitochondria (M) 
level the energy change takes place. 3) At the nerve 
chalix (NC) junction the electrochemical event pro- 
duced the EPSP. Note a) two synaptic areas (mowed) 
and a probable efferent nerve ending (NE2) (modified 
from Ades and Engstrom 1965). 
due to hair bending but, at least in the cristae of the semicircular canals, to a transduction from 
fluid movement into static charges in the large surface of the hair, thus inducing B change of 
potential in the cell. 
De Vries (1956) has measured directly the shifting of the single otolith of the Ruff 3s a function of 
linear acceleration up to 1 I g (fig. 2). He found a value of approximately 200 .u for 5 g (maximum 
displacement) and of about * 7 0 p  for *I g. The displacement is less for smaller otoliths (from 
amphibia on up to mammals), although the entire mass of the statoconia acts as a single body 
(Trincker 1962). The work of Vilstrup (195 1) indicates that during extreme positional changes 
with gravity acting as a sole force only tangential displacement occurs, of about *IS or 3 0 p  in 
total. a5- 
2 5 -  7 
2 0 -  - -  
/ M e  
Fig. 2 
Displacement of the otolith of the Ruff - _ _  
aa a function of the applied linear ac- 
eeleration: on the abscissa, acceleration 
in g, on the ordinate, displacement In 
mm (modified from De Vries 1956). 
t I I l i l i .  
1 1 1 1 1 l 1 1 1 1 1  
- 1  0 I 2  3 4 5 6 7 8 9 1 0 1 1  
0 4  
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f n  any given position of the head the statoconia mass will reach a corresponding given position 
along the decline and stay there. This might be an argument in favor of a direct response to a 
constant linear acceleration, at least in the mechanics of the system, as against a response to the 
transient only (Lowenstein 1966); this wou!d restore the mechanical state of the hair, and 
consequently the excitatory state of the cells, even if the statoconia maintain their shifted 
position. 
The mechanoelectric transduction process inside the receptor and at the synaptic junction is still 
largely unknown. Some indirect evidence, howexier, exists about its nature. In the central part of 
the vestibular cell, immediately below the cuticular plate, there is a large concentration of 
mitochondria. The deformation of the curicle plate due to the bending of the stereociiia, or a 
polarized compression of the root of the kinocilium, might produce a chemical and possibly an 
electrical change at the high energy level of the mitochondria beneath. The ulirastructure of the 
connection between the hair cells and the afferent fiber shows a typical presynaptic structure in 
the cell membrane. Synaptic bars surrounded by vesicles seem to indicate tlie release of a chemical 
transmitter toward the neuron terminals. Tiis will produce a postsynaptic excitatory potential 
(EPSP) that will start the firing along the initial part of the afferent endings. The synaptic junction 
of the sensory cell nerve endings will therefore behave like an ordinary neuron synapsis. 
Unfortunately, there is no experimental evidence of the EPSP as no one _has been able io stick a 
micropipette in a vestibular receptor and measure the membrane polarization. However, Flock at 
the Bell Laboratory (pers. communic.) was able to measure the membrane polarization of some 
large cells of the lateral line of the Necturus maculosus. He found a resting potential of 43-40 mV 
and depolarization and hyperpolarization during induced movement of the cilium i:i opposite 
direction. But he could not record any action potential. The receptors of the lateral fine system are 
s i m i ! ~  enough eo the mes in the wzstihle to take these results at liztst as an indicatinn of afi 
EPSP. 
The depolarization or the hyperpolarization of the synaptic membrane are interpreted as due to an 
alteration of sodium-potassium transfer across the membrane. It  is unlikely that the electrical 
change is generated directly at the apex of the cell. In fact, it has been shown that the outside 
concentrations of Nai and K+ in the endolymph are very close to the ones inside the receptors: no 
Nat - K t  mechanism can work in these conditions, as the cell top has to be hermetically sealed 
(Trincker 1965). There is no convincing explanation of the excitation transfer f r m  the hair zone 
to the synaptic area. Trincker (1965) has suggested that a large enough potential might be 
generated by the deformation of a thin layer of mucopolysaccharides surrounding the hair bundle 
through the hermetic seal of the upper cells. The charge might be transferred capacitatively inside, 
therefore producing the generator potential. But this is still mere speculation, although the 
polysaccharides are found in high concentration in the endolymph (Dohlman 1960). 
Output of the Stat oreeep t ors 
The output of the transducer system, namely the firing along the corresponding nene  fiber, has 
been well studied and is the best answer to oilr early question or, the gravity sensing mechanism. It 
is in fact the proper channel of information to reach the first analyzer. Mi l e  it is irrelevant to 
consider how many receptor cells correspond to a single channel, it is important that the response 
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analysis be made €or the primary neurons. Recordings from the nuclei introduces a complexity 
which tends to make it more difficult to analyze the firing 2nd to have it interpreted (Gemandt 
1949, Duensing and Schaefer 1958, Shimazu and Precht 1965). 
The response to linear acceleration recorded from the primary neurons consists always of a change 
in the characteristics of the pulse train along the nerve fiber (fig. 3). At steady state under constant 
acceleration, however, the main factor to be considered is accommodation. If 100% accommoda- 
tion is not achieved after an indefinite period of time, the receptors can he considered as being 
truly sensitive to gravity. In fact, in this case a different activity will correspond to a different 
gravity vector. Accommodation is present in all vestibular units studied so far (Ross 1936, Adrian 
1943, Ledoux 1949, Lowensteh and Roberts 1950, Coppee and Ledow 1951, Lowenstein 1956, 
Rupert et al. 1962, Trincker 1962, Lowenstein 1966), but it varies widely from one unit to the 
other. Most of the units show only partial accommodation and some to a very small degree. Hence 
a definite relation exists between the responses of the units and the constant acceleration clpplied 
(Adrian 1943), although there are some reports of a 100% accommodation of all units of the 
maculae utriculi (Cramer 1962). 
Fig. 3. Lower record: resting discharge (A-B) and evoked response (C) of a single fiber of the eighth nerve in 
!he bullfrog corresponding to  a gavitoceptor. The three upper tracings indicate the linear accelerations in 
the x, y and z axis. In C: the head-down tilt provokes an increase in the average rate of firing. In D, E and F 
back tilting suddenly stops the discharge (P = pause). This is followed by a slower f i ing (aftereffect). The 
pause seems to be related to the speed and duration of the back tilt. Note the irregularity in the rate of firing: 
very short intervals, practically double fiing, are arrowed in A and B. Note also the accommodztion effect at 
a steady tilt in C and D, indicated by a spontaneous decrease of the r a t e 4  firing. Calibration of the acceler- 
ometer and time in the record amplitude of the spike: 500 uV. 
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Lowenstei? and Roberts (1950), for instance, reported that a unit from the isolated labyrinth of 
the Raja had a resting discharge of 6 per see. It went up to 16 per sec during nose-up tilting. After 
30 sec it decreased to 1 1 per sec, and then held constant for the remaining 20 min of observation. 
Units with very limited accommodation show a truly stationary state during constant stimulation 
(fig. 4). It is possible to conclude at this point that gravisensors do exist in the vestibule. 
* 
Fig. 4. Analysis of a sustained discharge of a stimulated gavitoceptor in the bull- 
frog. At 0 time the end of the tilt: the head maintains the acquired position; note 
slight accommodation at the very beginning of the curve. Stationary state is ob- 
served from the 300th second of recording on. On the abscissa, duration of dis- 
charge in seconds. On the ordinare, intervals in milliseconds. Each point is 
obtained averaging 100 msec of discharge. 
The siatoceptors have been classified in diiferent ways according to their response. In the frog, 
Ross (1936) distinguished a receptor type, group “i,” which responds when the head is ti!ted out 
of normal position. A second receptor type, group Yi,“ responds only when the head is tilted back 
toward the normal position. Imvenstein (1956) ais0 confirms the existence, in the ray, f i j a ,  of 
“out of position” and “in position” receptors, the latter showing a fast accommodation. Hiebert 
and Fernandez (1965), recording from the nuclei of the cat, classified their responses in four 
groups: steady increase of frequency, steady decrease of frequency, no change, varying frequency. 
Adrian (1943), in the cat, found results comparable tc  those of Ross (1936),&nd concluded that 
no significant differencs exists between amphibians and mammals as far as the gravitoceptors are 
concerned. Rupert et ai. (1962), also in the cat, essentially confirmed Lowenstein’s data (1956), 
distinguishing one group of gravitoceptors proper, and one group responding only to transients. In 
summary, two kinds of gravitoceptors are described. One responds to “out of position” 
displacements with a graded response in a preferred direction and significant differences in the 
adapted firing rate at different stationary levels of tilt. The other is the “in position” receptor and 
responds only near or at the normal position of the head. It is rapidly adapting and is insensitive to 
the direction of the tilt. 
Once the conclusion is reached that the sensory cells of the maculae of the utriculus and sacculus 
are capable of measuring directly constant linear acceleration, and therefore gravity, the second 
problem remains: what kind of sensory coding is used to transmit the information to the analyzer? 
According to classical theory, sensations are transmitted from the sensors up to the first analyzer 
by means of a change of the rate of frring proportional to the stimulus. Such a mechanism might 
u 
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still be considered valid for units which show fairly constant discharges, both under resting 
conditions and during excitation. These uni been described in the isolated vestibule of the 
Raja (fig. 5) (Lowenstein and Roberts 19 956, 1966). Trincker (1 952) also 
described regular firing rates m mammals. vestibule, the irregularity of both 
spontaneous firing and single cell response to controlled acceleratory stimuli has been observed by 
many authors, starting from Ross (1936), in the severed frog head, and by Adrian (1943), in the 
decerebrated cat. Records from papers by Gernandt (1949, 1950) and by Rupert et al. (1962) 
show the same variability in the resting discharge and in the response to stimulation as described 
above (cf. fig. 6). On the other hand, these authors aiso describe units with a fairly constant rate of 
firing. Most of these studies, except that of Rupert et al., dealt with decerebrated or deeply 
narcotized animals. This might be the reason for thc large variability observed. Bizzi et al. (1964), 
however, recorded from the vestibular nuclei of an intact cat free to move, and reported irregular 
discharges from the lateral vestibular nuclei, although the medial vestibular nuclei showed a 
remarkable constancy in the rate of firing. 
The existence of regularly firing units, with a simple frequency of fiiing-stimulus relationship, 
cannot be denied. Evidence exists, however, that irregular resting discharges and irregular evoked 
firing are very common in the vestibules of all species, just as they are widespread in the sensory 
systems in general. For instance, irregular firing has been found-even in the muscle spindle 
receptors. Stein and Matthews (1965), working on 200.000 interspike intervals from 13 muscle 
spindles from the soleus muscle of the anaesthetized cat, found in the primaries a standard 
deviation of 356 .8% of the mean (coefficient of variation 0.035-0.068). A large variability is 
found in the activity of the primary neurons on the acoustic side of the inner ear (Weiss 1964, 
Kiang 1964). The same irregularity is reported for the resting discharge, in darkness. of retinal 
units (Kuffier et al. 1957) ana of somatic afferents (Werner and Mountcastle 1965). 
The cause of irregularity may be intrinsic in the cell or extrinsic (Moore et al. 1966). The intrinsic 
irregularity might be due to a number of processes. Fluctuation of the junction membrane 
potential provoked by thermal agitation has been suggested by Fatt and Katz (1952). Molecular 
agitation in the mechanical receptor substance may also be a source of noise (Katz 1950). 
Another mechanism which might produce a large variability both in the &sting discharge and 
during excitation is the convergence of several receptor cells onto the same afferent. Branching of 
the fiber takes place, in fact, both in the unmyelinated ending and in the myelinated part of the 
fiber. Whereas the first can be considered as a synergic mechanism providing from a number of 
cells the amount of excitation of the axon necessary for the onset of the spike, myelinated 
branches should show some occlusion phenomena with possibly the antidromic invasion of the 
quiescent receptors from the convergent excited ones. The pulse discharge might therefore be 
subjected to a complex interplay within the cluster of cells connected to the same fiber. 
Consequently, a large irregularity in the fiber firing might result. 
Buller (1965) considers the mechanism for the generation of firing rate to be independent of the 
source of random fluctuation. The latter only modifies the regular discharge pattern. I t  is difficult 
to say whether the vestibular mechanoreceptors are the site of an intrinsic randomness in the 
firing. Their sensitivity is so high that the existence of a true threshold is doubted (Jongkees 
1 960). 
U 
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Fig. 5. Isolated labyrinth of the Raja. Utriculus: recording 
of the response of a 2-fiber preparation to a full Circle 
lateral tilt. Time marker 24/sec. Speed of rotation approxi- 
mately lo'/sec. Note the regularity of the firing in contrast 
with the record iii figure 4 (from Lowenstein and Land 
1950). 
Y 
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I .C See. n 
. fig. 6. Chronic cat in normal conditicns. Response of  an 
otolith unit to the tilting of the head: the direction of the 
movements is indicated by the arrows. Note a)irreguiar 
firing, b) increase in the average ra?e o f f i n g  during left tilt, 
e) the pause at the onset of the back tilt. This record is very 
similar to the one s h o w  in fig. 4 in the frog (from Rupert 
et al. 1962). 
Data in the literature show that the receptors of the vestibular apparatus which respond to linear 
nr angtilar acceleration are sensitive to accelerations of less than 1 cni per sec' . Buys (1940) found 
that an acceleration of lo/sec2 was enough to taus nystagmus in man (l'isec'. corresponds LO a 
tangential acceleration of about 0.08 cm/secZ at the human labyrinth). Ter Bra& (1936), 
observing photographically the ocular deviations in rabbits, found a much lower thresl'lold 
(O.l"/sec'). Grozn and Jongkees (1948), working on thirty healthy human subjects with three 
different methods, found that the average threshold value to produce a rotational sensation was 
0.5"/sec2 (corresponding to a tangential acceleration of about 0.04 cm/sec2 at the labyrinth). 
In the intact frog the threshold at 1 g level for the single otolith u s t  during linear acceleration is 
well below I cm/sec2 for a duration of acceleration of less than 5 msec (fig. 7, lower record). In 
1908 Mulder was the f i s t  to point out that the product of stimulation time and acceleration level 
to reach the threshold of rotational sensation, is constant. Groen and Jongkees (1948) found that 
it took approximately 30 sec to bring about a rotational sensation at ail acceleration of 0.5"/sec2 
(0.04 cm/sec2 = 1.2). With a stimulus lasting 100 msec, at labyrinth level an acceleration of 
12 cm/sec2 (0.1 sec X 12 cm/sec2 = 1.2) would be needed. The results obtained by monitoring 
directly the otolith unit in the frog indicate, however, a much lower threshold, namely 
0.005 sec X 1 cm/sec2. This is understandable, as the sensitivity at the receptor site must be much 
higher than the one involving the complex overall mechanism of sensation. 
The result of such a high sensitivity is that extrinsic factors producing fluctuations in firing must 
be taken into consideration as well as the intrinsic randomness. As the gravitoceptors appear to be 
highly sensitive to vibration, the particular position of the head must also be considered; 
physiological movements of the head actually produce a modulated excitation of the labyrinth 
receptors. e 
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2oo COONTS Upper record: vibration of the head in a 
human subject sitting in a chair comfort- 
ably. Lower record: response of a single 
otolith unit of the bullfrog to vibration 8 *LATERAL - 
HEAD VIBRATION DUE TO HEART BEAT comparable in intensity to the one in the 
upper record. Upper tracing, acceleration 
profile. Lower tracing, each .dot corre- 
sponds to an interval. The value is read 
Erorn the “0” line to each consecutive 
dot. 
.01 of 
I4 somsec 
OTOLITH RESFONSE TO VIBRATION 
Head Accelerations Acting on the Vestibule 
We have measured the movements of the head in man under various conditions. Five healthy 
subjects were used. Two accelerometers were fixed on a cast of the head of each subject to obtain 
a tight fit; the accelerometers were placed in different positions in order to measure accelerations 
in different p!anes. EKG, vibrocardiogram and carotid pulse were recorded simultaneously. The 
accelerations of the head were measured while the subjects were instructed either to stand still 
with their two feet close together and their eyes open or closed, or to sit comfortably resting 
against the back of The chair, with their eyes open or closed. Only the observations obtzined for 
the sitting position will be discussed, as a number of artifacts due to larger movements are avoided 
-:hen ir? this position. 
The results showed that beside the maintenance of balance, the most consistent periodic source of 
movements of the head appeared to be linked to the cardiac cycle (fig. 7, upper record). In effect, 
during rest the acceieration profiie shows two peaks with an interval of 300 msec. The acceleration 
peak value of single cycles ranged from 15 to 25 cm/secZ, the two waves being of similar value, 
with a duration of approximately io0 msec. A number of minor oscillations indicated further 
periodic acceleratory components beside the one described. 
In a second series of tests the effect of exercise and fatigue on head movements was studied. 
During exercise the heart rate and blood pressure increase proportionally to the physical work 
performed. Consequently, the head movements related to the cardiac cycle should increase also. It 
was found that this was indeed the case, even with mild exercise. The subjects were instructed to 
squat twenty times consecutively. The two pezks of the acceleration were still present but their 
values were increased by a factor of 2, namely 40-SO cm/sec2. As reported above, these two waves 
seem to be related to the cardiac cycle, particularly to the carotid pulse. I t  appears ihat the first 
head movement follows the rise in pressure in the carotid arteries while the second movement 
follows the decrease in pressure in the carotids and the closure of the aortic valves. 
br 
It seems clear from the above observations that the vestibuk is subjected to a continuobs 
background of periodic excitation. One possible consequence is a decrease in the inertia of the sys- 
tem of the maculae, since the sratoconia mass will be in a state of continuous vibration. Secondly, 
it will upset, to some extent, receptor accommodation byzaintaining excitation of the’macula. 
. 
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Efferent Systems 
In the intact animal another potential source of firing fluctuation of the gravitoceptors may be due 
to central control of the receptor cells. The existence of efferent fibers in the eighth nerve has 
been postulated since the end of the last century. Not until 1927, however, was the existence of 
centrifugal fibers in the eighth nerve shown by van Gehuchten. Ernyei (1935), discussing the 
existence of unmyelinated fibers in the vestibular nerve, advanced the hypothesis that they might 
be part of an efferent system. In 1955 Petroff stated explicitly that efferent fibers do exist in the 
trunk of the eighth nerve. Rasmussen (1946) had suggested that part of the olivo-cochlear tract, 
through the cochleo-saccular anzstomosis o f  Hardy, might reach the sacculus, thus supplying it 
with efferent fibers. But Petroff (1955) described, in the vestibular neuro-epithelium of cat and 
monkey, efferent fiber projections reaching the maculae sacculi 2nd utriculi, as well as the three 
semicircular canal cristae. By serial sections he was able to prove that such fibers are central in 
origin. This was later confirmed by Rasmussen and Gacek (1958) ?nd Gacek (1960). Rossi and 
Cortesina (1962), using a histochemical method, have described an efferent cholinergic 
cochleo-vestibular system composed of five tracts, four of them direct and the fifth crossed. 
Stiong evidence of an efferent system impinging on the vestibu!ar receptors is found in the 
electron microscope studies (Wersdl 1956, 1960, Engstrijm 1958, 1965, Spoendlin 1965). Iurato 
and Taidelli (1964) showed that two types of nerve endings occur in the vestibular receptor cells; 
one type was heavily granulated and might represent the endings of an effeient system. 
. 
Ths efferent =:eestiDu!ar system was described in detai! at a recmt symposium on .;estiSu:ar organs. 
The centers and the descending pathways in the medulla and the distribution of the bundle of 
efferent fibers in the eighth nerve and its branches were shown. Smith (1967), through 
degenerative studies following intramedullar sections of the vestibular fibers, suggested the 
existence of two kinds of efferent structures in the macula utriculi of the Chinchilla: the button 
terminals, synaptic junctions on the chalice of the receptor cell and on the terminals of the sensory 
fibers, and the buttons en passant, connected mainly with the nerve fibers and the button 
terminals. This author also reported that thr; origin of the efferent fibers was near the lateral 
vestibular nucleus; these fibers thereafter descend in the vestibular %we. Gacek (1 967) 
characterized in detai! the distribution of the efferent system in the medulla, in the eighth nerve 
and inside the vestibule. I t  has been found that some 400 efferent fibers, or approximately 10% of 
the total, exist in the vestibular nerve of the cat. Rossi (1967), with degenerative and 
histochemical methods, described in the cat the position and the characteristics of tile two nuclei 
which originate the efferent fibers in the region of the medulla and pons. 
Although the efferent system is now well enough described anatomically, there are few 
physiological studies as to its significance. Ledoux (1958) observed a reduction of the nerve 
potentials of one semicircular canal when the contralateral one w2s stimulated. Sala (1962) 
showed that the stimulation of the contralateral vestibular nuclei produced spikes in the vestibular 
nerve; the response disappeared with a medial cbt in the IV ventricle floor. He also demonstrated 
that the spontaneous activity of the vestibular nerve decreased simultaneously with the appezrance 
of the evoked efferent spikes. It was concluded that the suppression was mediated by the efferent 
system, through which the vestibular receptors might be&rectly controlled. Similar conciusions 
were reached by Fluur and Mendel (1963); they reported that the efferent system is mainly 
inhibitory. Schmidt (1963) recorded efferent impulses fiom the free end of nerves detached from 
The Gravity Sensinghfechanisrn of rhe Inner Ear 273 
the ampullae, sacculus, utriculus, and lagena in the Ieopard frog. These impulses originated from 
any ampulla and a variety of extralabyrinthine proprioceptors. None were evoked in response to 
the stimulation of the auditory or otolith organs. Recently Wersall was able to record in the frog 
the activity of efferent nerve fibers (pers. communic.), and I have also been able to obtain similar 
records. The activity is maintained after the cutting of the connection with the labyrinth, and 
shows a typical modulation of firing. Figure 8 shows an example of such discharges in the eighth 
nerve of the bullfrog. The analysis of this activity shows a regular modulation in the firing, 
resulting in a Speak histogram (fig. 9). _. 
Fig. 8 
Activity of  an efferent fiber recorded 
from tfie aighth nerve of a bullfrog 
(lower record). The three upper tracings 
correspond to x. y and z acceleration. 
Note the modulated firing quite inde- 
pendent of  the artificially provoked vi- 
bration. Calibration and time in the 
record. 
* - 
Fig. 9 
Histogram of the activity of the 
unit in figure 8 (see text). 
I I 1 I I - 
0 25 50 ?!5-100 r25 
msec 
Stimulus/Response Rztio 
The responses of otolith receptors have to be considered in terms of dynamic and static factors: 
the dynamic factors iire the exaggeration of the response (if the s p e d  of the applied accelerating 
stimulus is above a certain range) and the abaptation. The exaggeration of response is, very 
approximately, a function of the speed of the change, although no informztion exists up to now as 
to which function it is. if the animal is rotaxed very slowly but continuously (at or below I"/ssc) 
the dynamic factors are minimized and the stimulus response ratio CZR be sludied. 
Most mechanoreceptors are known to follow the Weber-Fechner law. This law is expressed by the 
equation &/I = C, where I is intensity of the stimulus, Ai ths smallest detectable difference in 
intensity, and C a constant. It signifies that the smallest2ifference in the stimulus intensity bears a 
constant relation to the absolute value of the stimulus in?cnsity. Therefore, the increase of 
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sensation follows a step-like pattern, each step being a quantum of the stimulus corresponding to a 
quantum of sensation. It is expressed by the equation 
e a log I + S = sensation I = stimulus 
This logarithmic stimulus-response ratio has been verified for a number of mechan'oceptors, such 
as the frog muscle spindle (Von'Leuvwen I949), and other receptors, such as the cmnatidia in the 
eye of Limulus (Hartline and Graham 1932). A logarithmic term in the stimulus-response ratio 
would be consistent with the existence of ionic equilibria across receptor cell membranes. 
As far as the otolith cells are concerned, Lowenstein (1967) concludes that the increase in activity 
is a linear function of the acceleration, that is, of the sine of the vertical rotation angle, over a 
considerable range. This does not exclude a logarithmic relationship. In fact, the initial bra& of a 
logarithmic curve can be readily approximated as a linear ratio. The log stimulus-response ratio 
approximates well cur own data on the frog (fig. lOa, b). The h e a r  ratio suggested by 
Lowenstein might represent the onset of a logarithmic curve. This could result if the unit under 
study were functioning at the edge of the response field. In this casethe unusually broad range of 
response, over the fuil 360" of rotation, might be related to the unit being minimaily sensitive to 
the stimulus because it is at the edge of the receptive field. A second possibility is that the 
response itself, being far from maximum, does not reach the knee of the Iogarirhmic ciirve and 
therefore appears :a be in linear reiaticnship to the stimulus. In our results, from mapping t i e  
otolith units that were maximally sensitive at the center of the field, no range was found extending 
hbove 0.7g (45" of tilt from the horizontal). The sensitivity decreases and the rang, 0 increases 
progressively up to the edge of the field (fig. 1 lb). 
Sensory Coding 
The coding of the vestibular messages or, more generally, of the sensory systems which are the site 
of large fluctuations in the firing rate, is complex and difficult to understand. Negrete et ai. (1365) 
have delineated several mathematical models to describe the impulse code i u h e  visual system of 
oL-- D3 JO J5 m 
GWAVlrY, p 9' 
Fig. 10. Dizgram showing the stimulus-response ratio of a sinplre otolith unit in the bullfrog, taking in 
account the envelope of the cum- an@: in A on a linear and in B on a logarithmic scale. Note B nearly 
perfect fitwith the Weber-Fechner law (see text). 
The Gravity Sensing Mechanism of the Inner Ear 275 
Fig. 11 .  Diagram of the stimulus-response ratio during the same tilt (12=l./sec) of a single 
otolith unit in the bullfrog at the center (A) and near the edge of its field. The horizontal 
rotation (marked on left) between A and B is 20= 
men and crayfish. Two of these were: the detailed pattern code, in which every impulse is signifi- 
cant and the average frequency code, in which the mean of the activity of a number of units is 
considered necessary for meaningful information. Negrete et al. (1 965) favor the latter hypothesis. 
Models of an analysis mechanism at different levels above the peripheral sensory system have been 
presented. A gate which allows the information to go through on the basis of a convergency 
pattern of numerous irregularly responding units is postulated by Wall and Melzack (1965) foi the 
skin receptors, and by Desmedt (1965) for the auditory system. A cenkjfugal control system plus 
a feedback from the peripheral activity itself are supposed to regulate this gate. 
The second leading idea on the information transfer is based on the “edge” theory. Whitfield 
(1965) emphasizes the importance cf such edges in the auditory information processes. According 
to this hypothesis, the central analyzers obtain their information by their ability to recognize the 
number and the partern of acrive versus passive channels reaching them and each channel 
originates in a primary sensory cell or p u p  of cells. The precise characteristics of the xtivity in 
each channel are of minor importance, provided that they are sufficientiy different in the active 
and passive channels. The fact that sensory units seem to be not only the site of excitation but also 
of inhibition is very useful for this concept. In fact, the main task of the inhiboitory process is to 
define the edges between excited and unexcited units, surrounding the active ones with a circle of 
sensors, the firing of which is completely suppressed. Retinal function appears to be consistent 
with the above model (Barlow and Levick 1965). 
e m  
Study of the resting discharge and the evoked response of the otolith receptor type that does not 
show regularity of firing leads to the following conclusions: 
1. During spontaneous activity and during excitation the rate of firing varies through such a large 
range that a mechanism of information based only on frequency modulation cannot work. Long 
intervals between spikes are found only at low stimulus ievels or in the resting discharge. However, 
short intervals between spikes, characteristic of the excited state, are commoniy found in the long 
bursts often seen in the resting discharge. It would be very difficult for the analyzer to determine 
if a few spikes occurring at short intervds are related io a particular stimulus level. 
2. For the same reason, a mechanism based on time-averaging of the discharge in a single unit 
cannot work. !f only information from a single unit is involved, the analyzer should average a large 
number of intervals to differentiate between long bursts during rest or fast firing during excitation. 
d 
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number of intervals to differentiate between long bursts during rest or fast firing during excitation. 
This process would require some seconds, and would not be compatible with the rapid responses 
demanded during equilibration responses. 
3. The results seem to agree to some extent with the edge concept mentioned above (Whitfield 
1965). The change in the parameters of the activity is particularly sharp between units which are 
stimulated increasingly or at  a constant level, and units in which the stimulation is decreasing. The 
main rate of firing increases in the former while the latter is subjected to a pause (fig. 11). in this 
way contrast during any given movement of the head is sharpened. For fast movements the pause 
is also present in quiescent units, with suppression of spontaneous firing. Thus, for fast move- 
ments, contrast is even more pronounced owing to the additional pause of quiescent, units. 
Theie are some elements, however, which do not completely fit into the edge theory. When 
analyzing the response to acceleration of an otolith unit, two different conditions must be 
considered: the transient resulting when the stimulus changes, and a steady state stimulus, such as 
a gravity component or a constant linear acceleration. The two conditions of stimulation (transient 
and steady) have to be considered separately. 
nansients. During a transient a graded response, both negative and positive, is observed. Both 
show a profile of response that is related to the rate of the change (fig. 12). The positive response, 
following an increasing stimulation, consists of an increase in the number of short intervals which 
is the more marked the greater the rate of change. The negative response consists of a pause, the 
duration of which is proportional to rate and duration of the decrease of the stimulus. Even the 
resting discharge of a quiescent unit shows 3 pause if a sudden tilt is applied. Such events may be 
used by the central analyzer to determine speed and duration of the movement in resyoct to the 
gravity vector. The edge theory does not take into account these graded responses to eccelerrtory 
events. The described phenomena do  not take any part in its “pattern” analysis, even if a third 
channel with “negative” response is considered. 
Fig. 12. Positive and negative response to a rapid 
tilt (20’/sec) and a back tilt, respectively, of a 
single otolith unit in the bullfrog. The consmu- 
tive intervals are shown as thr: distance between 
the “0” line and each wh%e dot. The accelera- 
tion resulting from the tilt is indicated by the 
continuous line. 
f’70msec 
+ H 5 s e c  
Steady State. After the end of a transient and a period of accommodation, a stationary state in the 
unit firing is observed which is significantly different at different levels of excitation. it is also 
different from the resting discharge. The graded response does not agree with the edge theory, as 
the theory does not take into account a change in the unit activity proportional to the amount of 
stimulation. 
A second mechanism may therefore be hypothesized by which the information is passed on the 
higher level centers according to the input density (cf. Gualtierotti and Alltucker 1965). k t  us 
imagine the existence of a time gate in the level immediately above the peripheral organs on which 
pc 
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a number of otolith units converge. Let us suppose that such a gate opens, allowing the 
information through, only when two or more spikes reach it within a given time. Naturally the 
probability of transfer in this system will be a function of the density of the spikes in each channel 
(fig. 13). 
EXCITATW 
Fig. 13 
Schematic of a possible mechanism for central anal- 
ysis of the information incoming from fhe otolith 
unit. Two conditions are shown, one during spontaneous 
activity with long intervals and high variability (lower 
sketch), and one during excitation. The long intervals 
have disappeared and although there is still some variabil- 
ity, all interfais are shorter than the maximum time for 
the gate to open. tmax: maximum time at the gate that 
allows the spikes coming along the otolith nerve fiber and 
converging on the analyzer (integrative cell) to trigger the 
analyzer to activity. This happens when the spikes coming 
from the two pathways reach the integrative cell within 
tmax. For a full discussion see text (from Gualtierotti and 
Alltucker 1966). 
The “edge” and the “gate” theories may be combined. In fact edges are pIovided by the excitation 
plus inhibition effect. Considering even only one excited unit partially surrounded by inhibited 
ones, a channel will result, the field of which will be sharply defined by a ring of suppressed 
responses of inwoited channels. This would enhance contrast. Ailernariveiy, positive {excitec!) 
fieids might be alternated with negative (inhibited) fields; the resulting pattern might serve as the 
basic element for the central analyzer to work on Within each k!d, however, a graded response is 
observed, as the respoase of each unit is proportional to the logarithiii of the st~mulus. This will 
result, in each field, in a n  area or” maximum response surrounded by an area of progressively fading 
evoked activity. The edge mechanism might provide stationary information on steady head 
position. The gate niechanism would add more knowledge on the kinetics of the transients, like 
the speed and the direction, following the head movements and the history of preceding events. 
In conclusion, there is no doubt that true gravitoceptors exist in the inner ear, and that their 
activity is a function of the gravitational vector in all directions. The mechanisRl by which the 
mechanotransducers, having acquired the information of a gravity force pattern in each head 
position, transmit such information to the first analyzer is still, however, an unresolved problem. 
Summary -- 
The existence of true statoceptors in the vestibule is discussed. The main index for reeepto:s 
responding to gravity is indicated as lack of accommodation of the evoked activity, or at least as 
the presence of only a partial accommodation over an indefinite period of time of constant linear 
acceleration. Various observations show that true statoceptors sre found in the vestibule, 
according to the accommodation standard. The basic characteristics of the statoceptors do not 
seem to vary significantly in mammals in comparisor, with lower vertebrates. 
A second problem discussed is the sensory coding by which the statoceptors send information to 
the primary analyzers. Some cells seem to fire at a surprisinglyAonstant rate. For these a simple 
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stimulus-frequency relation may be assumed as a satisfactory sensory code. The majority of the 
receptors, however, show a great variability both in the resting discharge 2nd in the evoked 
discharge. The problem of tile sensory information is therefore more complex. The origin of the 
randomness of firing is classified as due to two factors, one intrinsic to the cell and one extrinsic. 
The intrinsic factor might originate in the thermal noise in the nerve ending and/or in fluctuations 
in the celi membrane. It is difficult to pinpoint such an intricsic factor with the high sensitivity of 
the statoceptors to h e a r  acceleration and to vibration. One of the most important extrinsic 
factors is the vibration of the head following the heart beat (head ballistocaidiogram). Accelera- 
tions more than ten times the threshold of the vestibular receptors are recorded from the human 
head. These accelerations are further increased during and after physical exercise. A variable 
excitatory background is therefore always present under normal conditions. 
The high “noise” of the statoreceptors disqualifies a simple stimulus-frequency relation. A number 
of theories of information processing are summarized. The edge theory proposed for the auditory 
system might be appiied to the vestibular apparatus, based on the positive and negative responses 
of the gravity receptors (positive response = increase in the rate of firing, negative 
response = prolonged suppression of the discharge when the stimulus decreases). However, the 
graded responses obtained during various levels of stimulation, do not agree completely with the 
edge theory. A gate theory is also described; the gate would open according to the density of the 
spikes in the converging channels. A sensory code which utilizesboth “edges” and “gates” is also 
considered. 
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Discussion 
COHEX: Is the change in frequency always downwards in these slowly adapting receptors or does 
it sometimes oscillate? One can get misied by looking at a single unit when the receiver may be 
d e a h g  with tens of thousands of units. These fluctuations that you see in one unit may be 
smoothed out by the receiver. 
GUALTIEROTTI: Actually the discharge frequency in these units is oscilillating around an 
approximately constant value. In effect, if we look at the regression line while analyzing a long 
recording of one hour, the slope tends to zero. Sometimes it goes up very slightly but it i s  
practically horizontal. gas 
COHEN: Normally if a discharge oscillates around some mean frequency for 15 or 20 sec after 
coming into the steady-state stimulus situation, this unit is classified as a “non-adapting” or 
“tonic” receptor. You have to deal with this problem statistically. It rnay be misleading to look at 
one unit because the properties of the single unit may not encompass the properties of the whole 
system. The ambiguities and imperfections of the single unit rnay be resolved by simultaneous 
integration of information from many wits .  
GUALTIEROTTI: Yes, but how? If I had time to talk about coding, the conclusion would have 
been that there is no information possible except through cross correlations of the activity of a 
number of different units. 
COHEN: This is true only when the dischargc is random. 
GUALTIEROTTI: I agree. Y 
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ANALYSIS OF S I N G L E  VESTIBULAR RESPONSES 
D r .  T o r q u a t o  G u a l t i e r o t t i  
M i l a n o ,  I t a l i a  
I s t i t a t0  d i  F i s i o l o g i a  Umana 
INTRODUCTION 
A t r u e  s td toreceptor  w i l l  r e s p o n d  t o  a 
s t e a d y  p o s i t i o n  o f  t h e  h e a d  or t o  a s t e a d y  
l i n e a r  a c c e l e r a t i o n  w i t h  a s t a t i o n a r y  re- 
s p o n s e ;  n a m e l y ,  a l t h o u g h  some i n i t i a l  a -  
d a p t a t i o n  m i g h t  o c c u r ,  t h e  r e s p o n s e  s h o w s ,  
f i n a l l y ,  c o n s t a n t  c h a r a c t e r i s t i c s .  I n  
t h i s  case ,  a r e c o g n i z a b l e  d i f f e r e n t  a c -  
t i v i t y  w i l l  c o r r e s p o n d  t o  e a c h  d i f f e r e n t  
p o s i t i o n  o f  t h e  h e a d  w i t h i n  t h e  p r o p e r  
r a n g e  o f  t h e  u n i t ,  and a q u a n t i t a t i v e  
e v a l u a t i o n  o f  t h e  s t i m u l u s / r e s p o n s e  r a t i o  
b y  t h e  c e n t r a l  a n a l y z e r  i s  p o s s i b l e .  
R e c o r d i n g  f rom p r i m a r y  n e u r o n s  i s  b e s t  
s u i t e d  t o  s t u d y  t h e  s r a t o r e c e p t o r  mechan-  
i s m .  The  r e c e p t o r ' s  r e s p o n s e s  a r e  bound 
t o  b e  m o d i f i e d  t h r o u g h  t h e  n e x t  l e v e l ,  
a n d  d i r e c t  r e c o r d i n g  from t h e  r e c e p t o r s  
t h e m s e l v e s  i s  n o t  y e t  f e a s i b l e .  
R e s t i n g  a c t i v i t y  and  r e s p o n s e s  o f  t r u e  
s t a t o r e c e p t o r s  , i d e n t i f i e d  a c c o r d i n g  t o  
t h e  a b o v e  d e f i n i t i o n ,  h a v e  b e e n  r e c o r d e d  
f r o m  t h e  v e s t i b u l a r  n e r v e  b y  many a a t h -  
o r s ,  b o t h  from few i s o l a t e d  f i b e r s  (Ross, 
1 9 3 6 ,  i n  t h e  f r o g ;  L o w e n s t e i n ,  1 9 5 0 ,  1956 
in t h e  Ray) and  t h r o u g h  m i c r o e l e c t r o d e  
t e c h n i q u e  i n  t h e  c e r e b e l l e c t o m i z e d  c a t  
u n d e r  P e n t o t h a l  a n a e s t h e s i a  ( L e v i t a n  e t  
a l . ,  1967)  or e v e n  i n  t h e  i n t a c t  a w a k e  
cat  ( R u p e r t ,  et., 1 9 6 2 ) .  
The  f i n d i n g s  o f  a l l  a u t h o r s  a r e  b a s i c a l l y  
i n  a g r e e m e n t .  A c c o r d i n g  t o  Ross (19361,  
however ,  t h e  g r a v i t y  s t a t o r e c e p t o r s  do 
not r e s p o n d  t o  v i b r a t i o n ,  w h i l e ,  a c c o r d -  
i n g  t o  L o w e n s t e i n  (1956)  t h e y  do s o ,  even 
a t  r e l a t i v e l y  h i g h  f r e q u e n c y .  The q u e s -  
L i o n  is r e l e v a n t ;  i n  f a c t ,  t h e  h e a d  i s  
t h e  s i t e  o f  c o n t i n u o u s  v i b r a t i o n s  ( f i g . 1 )  
d u e  t o  m u s c u l a r  a c t i v i t y  and  t o  t h e  h e a r t  
b e a t ,  a n d  a c o r r e s p o n d i n g  s t i m u l a t i o n  
w i l l  b e  s u p e r i m p o s e d  ro t h e  p o s i t i o n a l  
r e s p o n s e  o f  t h e  s t a t o r e c e p t o r s ,  i n t - o -  
d u c i n g  an u n c e r t a i n t y  e l e m e n t .  The main 
p u r p o s e  o f  t h i s  p a p e r  i s ,  t h e r e f o r e ,  t o  
c l a r i f y  t h i s  p o i n t ,  by s t u d y i n g  t h e  r e s -  
p o n s e  t o  v i b r a t i o n  o f  t h e  s t a t o r e c e p t o r s  
and  i t s  r e l a t i o n  t o  t h e  s t a t o r e s p o n s e .  
- 
METHOD 
S u r g i c a l  p r e p a r a t i o n .  B u l l  f r o g .  The 
a n i m a l  was n a r c o t i z e d  by immers ion  for 
a p p r o x i m a t e l y  25 min.  in a s o l u t i o n  o f  
T r i c a i n e  m e t h a s u l p h o n a t e  2 % [ 1 ) .  The 
t w o  v e s t i b u l a r  n e r v e s  were exposed  
t h r o u g h  a h o l e  i n  t h e  p a l a t e .  The a n i -  
m a l s  were  t h e n  a l l o w e d  t o  r e c o v e r  For 
4 s  h o u r s  and  o b s e r v e d  f o r  any  i n d i c a ,  
t i o n  of v e s t i b u l a r  i n j u r i e s .  I f  t h e y  
a p p e a r e d  t o  b e  normal  i n  p a s t u r e ,  jump- 
i n g  and swimming c a p a b i l i t y ,  t h e y  were 
t h e n  p a r t i a l l y  d e m o t o r i z e d  by c u t t i n g  
a 1 1  b r a n c h e s  o f  t h e  t h o r a c i c  and lum- 
b a r  p l e x u s e s .  A t  t h i s  s t a g e ,  a s  t h e y  
were  u n a b l e  t o  move, t h e y  were  l e f t  un-  
d e r  w a t e r  a t  a t e m p e r a t u r e  o f  13* Co 
T h i s  i s  n e c e s s s r y  a t  n o x a l  a i r  Po2 
(155  mm H g ) ,  a s  s k i n  r e 5 p i r a t i s n  a s -  
s u r e s  a s t e a d y  m e t a b o l i c  s t a t e  a t  o r  be- 
low t h i s  t e m p e r a t u r e  o n f y .  
A f t e r  a 2 4  h o u r s  r e c o v e r y  p e r i o d ,  w i t h -  
o u t  any f u r t h e r  a n a e s t h e s r a ,  t h e  a n i -  
mal was p l a c e d  on a t i ? t i n g  and v i b r a -  
t o r y  t a b l e ,  w i t h  t h e  head  f i r m l y  clamp- 
e d .  N e u t r a l  bqoyancy  t u n g s t e n  m i c r o -  
e l e c t r o d e s  were i m p l a n t e d  c h r o n i c a l l y  
by means o f  a h y d r a u l i c  m i c r o m a n i p u l a -  
t o r  w i t h  t h e  t e c h n i q u e  d e s c r i b e d  e l s e -  
where ( G u a l t i e r o t t i  and B a i l e y ,  1958) .  
I n  most o f  t h e  c a s e s  one  m i c r o e l e c t r o d e  
was i m p l a n t e d  i n  e a c h  v e s t i b u l a r  n e r v e .  
ea83 
E x p e r i m e n t a l  p r o c e d u r e  and d a t a  a c q u i -  
s i t i o n .  I m m e d i a t e l y  a f t e r  t h e  m i c r o -  
m o d e  i m p l a n t a t i o n  t h e  r e s t i n g  d i s -  
c h a r g e  o f  e a c h  s i n g l e  u n i t  was r e c o r d e d  
and  a n a l y z e d  for a t  l e a s t  one  h o u r  e x -  
c e p t  when t h e  e x p e r i m e n t a l  r o u t i n e  re- 
q u i r e d  d i f f e r e n t l y .  Then t h e  e x p e r i -  
ment p r o p e r  s t a r t e d .  When t h e  u n i t  was 
s t u d i e d  f o r  s o r e  t h a n  one  d a y ,  a t  t h e  
end  o f  e a c h  e x p e r i m e n t  t h e  a n i m a l  h-as 
c a r e f u l l y  d e t a c h e d  from t h e  t i l t i n g  t a -  
b l e  and r a p l a c e d  i n  t h e  r e f r i g e r a t e d  
t a n k .  The n e x t  day  t h e  e x p e r i n e n t a t i o n  
was s t a r t e d  a g a i r .  a s  d e s c r i b e d  above .  
222 ( S a n d o r )  (1) MS 
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T h e  t i l t i n g  t a b l e  w h i c h  p r o v i d e d  t h e  a p -  
p r o p r i a t e  g r a v i t a t i o n a l  s t i m u l a t i o n  a l -  
lowed  t i l t i n g  i n  a l l  d i r e c t i o n s  up t o  + 
90°. The t i l t i n g  c o u l d  b e  p e r f o r m e d  e y t h -  
e r  m a n u a l l y ,  o r ,  f o r  p r e c i s e  a n d  s m o o t h  
movemen t s ,  l i m i  t e d  t o  a r a n g e  o f  2 0 ° ,  
t h r o u g h  a h y d r a u l i c  s y s t e m .  The t a b l e  
was p l a c e d  on  an  a n t i v i b r a t o r y  p e d e s t a l .  
T h e  r e q u i r e d  v i b r a t o r y  s t i m u l a t i o n  was 
a s s u r e d ,  b y  a smal l  s h a k e r  a p p l i e d  t o  t h e  
t i l t i n g  t a b l e  i t s e l f .  With t h i s  m e t h o d ,  
t i l t i n g  a n d  v i b r a t i o n  c o u l d  b e  a p p l i e d  
e i t h e r  s e p a r a t e l y  or s i m u l t a n e o u s l y .  
A c u t e  e x p e r i m e n t s  w e r e  a l s o  o c c a s i o n a l l y  
p e r f o r m e d  as a c o n t r o l  u s i n g  t h e  same 
e l e c t r o d e  a n d  t h e  o r d i n a r y  m i c r o e l e c t r o d e  
t e c h n i q u e .  
V i b r a t o r y  a n d  l i n e a r  a c c e l e r a t i o n s  were 
r e c o r d e d  t h r o u g h  a p p r o p r i a t e  s t r a i n  g a u g e  
a c c e l e r o m e t e r s .  
A l l  d a t a  were r e c o r d e d  o n  a n a l o g  t a p e .  
Data a n a l y s i s :  i n t e r s p i k e  i n t e r v a l s  w e r e  
d i r e c t l y  m e a s u r e d  t h r o u g h  a m u l t i p l e  
r a n g e ( o - 1 - 0 , 2 - 0 , 5 - 1 - 2 - 5  s e c )  ramp g e n e r a -  
t o r .  The d a t a  t h u s  o b t a i n e d  w e r e  immed- 
i a t e l y  t e s t e d  f o r  s i n g l e  u n i t  a c t i v i t y .  
T h i s  was d o n e ,  b o t h  i n  l i n e  a n d  f r o m  t h e  
m a g n e t i c  t a p e  b y  means  o f  an  
i n t e r v a l  h i s t o g r a m  o f  t h e  e n t  
i n g ,  i r r e s p e c t i v e  o f  t h e  e x p e r i m e n t a l  
p r o c e d u r e ,  t h r o u g h  a CAT 4 0 0 .  The t i m e  
b a s e  was s o  s h o r t  t h a t  t h e  o n s e t  o n l y  o f  
t h e  h i s t o g r a m  was shown .  I f  a l a r g e  
e n o u g h  number  o f  i n t e r v a l s  ( 0 . 0 7 8  m s e c /  
a d d r e s s )  w e r e  s o  p r o c e s s e d  ( o v e r  1000)  
e v e n  a t w o  u n i t  r e c o r d i n g  wou ld  show t h e  
a b s e n c e  o f  a minimum i n t e r v a l  ( f i g .  2 ) .  
I n  t h i s  c a s e ,  s h i f t i n g  o f  t h e  s p i k e s  5 0 5 -  
r e s p o n d i n g  t o  t h e  t w o  u n i t s  w o u l d  i n  e f -  
f e c t  c o v e r  a l l  p o s s i b l e  s i t u a t i o n s  f rom 
s y n c h r o n i z a t i o n  t 3  a n y  i n t e r s p i k e  i n t e r -  
v a l .  I n  f a c t ,  a s i n g l e  u n i t  d o e s  n o t  
f i r e  a s e c o n d  t i m e  e x c e p t  a f t e r  a d e l a y  
f r o m  t h e  p r e v i o u s  s p i k e ,  c o n s i d e r a b l y  
l a r g e r  t h a n  t h e  r e f r a c t o r y  p e r i o d  ( s e e  
D i s c u s s i o n ) .  I n  t h i s  way i t  i s  p o s s i b l e  
t o  make s u r e  e a s i l y  c h a t  e v e n  d u r i n g  a 
d i s c h a r g e  c o n t a i n i n g  h u n d r e d s  o f  t h o u -  
s a n d s  o f  s p i k e s ,  n o  a d d i t i o n a l  u n i t  h a s  
i n t r i l d e d .  
R e s p o n s e s  t o  t r a n s i e n t s  w e r e  p l o t t e d  a -  
g a i n s t  t i m e ,  s i m u l t a n e o u s l y  w i t h  t h e  
a c c e l e r a t i o n  i n v o l v e d  or a g a i n s t  t h e  a c -  
c e l e r a t i o n  i t s e l f .  S t e a d y  s t a t e  r e s -  
p o n s e s ,  e v e n  t o  "0" s t i m u l a t i o n  ( r e s t i n g  
d i s c h a r g e ) ,  w e r e  a n a l y z e d  by  c o m p u t e r .  
I n t e r s p i k e  i n t e r v a l  h i s t o g r a m s  f o r  s t a t -  
i s t i c a l  d i s t r i b u t i o n  t e s t s  f o r  s t a t i o n -  
a r y  s t a t e  f i r i n g  by t r e n d  a n a l y s i s  a n d  
b y  d e t e r m i n i n g  t h e  c o e f f i c i e n t  o f  v a r i a -  
* 
t i o n  ( v  = c' ) .  
m 
RESULTS 
E x c e p t  f o r  c o m p a r a t i v e  s t u d i e s  s t a t o r e -  
c e p t o r s  o n l y  w i l l  b e  d e s c r i b e d  h e r e ;  as 
a l r e a d y  m e n t i o n e d ,  t h e s e  units w e r e  i -  
d e n t i f i e d  by  t h e  f a c t  t h a t  t h e y  d l d  n o t  
r e a c h  f u l l  a d a p t a t i o n  e v e n  a f t e r  30 m i n .  
o f  s t e a d y  s t i m u l u s ;  t h e i r  f i r i n g ,  t h e r e -  
f o r e ,  became  s t a t i o n a r y  a f t e r  a c e r t a i n  
t i m e  a n d  t h i s  was p r o v e d  by  t r e n d  a n a l -  
y s i s .  
O f  394 v e s t i b u l a r  u n i t s  s t u d i e d ,  n o t  be -  
l o n g i n g  t o  t h e  s e m i c i r c u l a r  c a n a l s ,  84 
p r o v e d  t o  b e  s t a t o r e c e p t o r s  a c c o r d i n g  
t o  t h e  a b o v e  c r i t e r i a .  Wi th im t h i s  num. 
b e r  20 h a v e  b e e n  s t u d i e d  f o r  more  t h a n  
1 0  h .  and  11 f o r  4 8  h .  a n d  m o r e .  The  
r e s u l t s  h e r e  p r e s e n t e d  a r e  b a s e d  m o s t -  
ly o n  t h e  a n a l y s i s  o f  t h e s e  u n i t s .  
Some b a s i c  p a r a m e t e r s  a r e  s u m m a r i z e d  i n  
T a b l e  1. 
R e s t i n g  d i s c h a r g e ,  g r a v i t a t i o n a l  res-  
p o n s e s  b o t h  d u r i n g  c o n t i n u o u s  t i l t i n g  
a t  v a r i o u s  s p e e d  a n d  i n  s t a t i o n a r y  p o s i -  
t i o n ,  a n d  d i s c h a r g e s  i n d u c e d  by v i b r a -  
t i o n  a t  v a r i o u s  f r e q u e n c y  f rom 2 / s e c .  
t o  6 0 0 / s e c .  h a v e  b e e n  s t u d i e d .  
I n  m o s t  o f  t h e  c a s e s  s i m u l t a n e o u s  v i b -  
r a t o r y  and  t i l t i n g  s t i m u l i  w e r e  a l s o  ap. 
p l i e d  i n  o r d e r  t o  r e p r o d u c e  a t r u l y  
p h y s i o l o g i c a l  s i t * u a t i o n .  
R e s t i n g  d i s c h a r g e  f R . 3 . ) .  A l l  u n i t s  
showed a r e s f j n g  d i s c h a r g e .  Some 
a p p e a r e d  t o  h e  s i l e n t  i m m e d i a t e l y  a f -  
t e r  ? h e  i m p l a n t a t i o n  o f  t h e  e l e c t r o d e  
b u t  s t a r t e d  f i r i n g  s p o n t a r i r o u s l y  a f t e r  
a v a r i a b l e  p e r i o d  o f  t i m e  ( f r o m  1 0 - 1 5 '  
i o  1 h r . ) :  c h e s e  u n i t s  w e r e  c h c r - c t e r -  
i z e d  by  a v e r y  low r a t e  o f  f i r i n g  (For 
e x a m p l e  u n i t  n .  2 ,  1 5 ,  1 8  - T a b l n  1). 
The r e s t i n g  d i s c h a r g e  became  s t a t i o n -  
a r y  i n  a l l  u n i t s  a p p r o x i m a t e l y  1 - 2  
h o u r s  a f t e r  t h e  m i c r o e l e c t r o d e  i m p l a n -  
t a t i o n ;  i n  f a c t ,  b e f o r e  t h i s  p e r i o d  a 
h i g h  p e r c e n t a g e  o f  f a s t  a c t i v i t y ,  i n  
b u r s t s ,  was r e c o r d e d ,  r e s u l t i n g  i n  a 
l a r g e  e a r l y  peak  i n  t h e  h i s t o g r a m  ( F i g .  
3 ) .  
T h e  f a c s  a c t i v i t y  cons i -d  i n  2 - 3  
s p i k e s  w i t h  v e r y  s h o r t  i n t e r v a l s ,  a p -  
p e a r i n g  i n  b e t w e e n  t h e  s l o w e r  f i r i n g ,  
a t  random ( F i g .  4 A B  a r r o w e d ) .  A l t h o u g h  
s u c h  a c t i v i t y  r e m a i n e d  more  or l e s s  
p r e s e n t  i n  some u n i t  t h r o u g h o u t  t h e  e n -  
t i r e  e x p e r i m e n t  w h i l e  d i s a p p e a r i n g  n e a r -  
l y  c o m p l e t e l y  i n  o t h e r s  i t  a l w a y s  show-  
z d  a m a r k e d  d e c r e a s e  a f t e r  t h e  i n i t i a l  
1 - 2  h .  p e r i o d  [ F i g .  3 )  A u t o c o - r e l a t i o n  
t e s t s  showed no p e r i o d i c i t y  i n  t h e  a p -  
p e a r a n c e  of t h e  b u r s t s  e v e n  i n  t h e  
u n i t s  i n  w h i c h  t h e y  w e r e  more  f r e q u e n t -  
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i 
The  i n t e r s p i k e  i n t e r v a l s  h i s t o g r a m  i n d i -  
c a t e d  t h a t  n o  u n i t  showed  a minimum i n -  
t e r v e l  e q u a l  t o  t h e  r e f r a c t o r y  p e r i o d ,  
t h e  minimum v a l u e  o b s e r v e d  b e i n g  2 m s e c .  
in t h e  d i f f e r e n t  u n i t s  t h e  minimum i n t e r -  
v a l  v a l u e s  r a n g e d  ( T a b l e  1 ,  1 s t  co lumn)  
w i t h i n  r e l a t i v e l y  w i d e  l i m i t s  ( f r o m  2 t o  
1 2 : 2 5  msec)  w i t h  a n  a v e r a g e  of 4 msec.  
The a n a l y s i s  o f  s e v e r a l  t e n t h  a n d  e v e n  
h u n d r e t h  t h o u s a n d s  o f  i n t e r s p i k e  Inter- 
v a l s  o f  t h e  same u n i t s  showed t h a t  e a c h  
v a l u e  i s  a c o n s t a n t  f o r  e a c h  s t a t o r e c e p -  
t o r .  
The  i n t e r v a l s  mean i s  a p o o r  i n d i c a t i o n  
o f  t h e  u n i t  a c t i v i t y  owing  t o  t h e  l a r g e  
v a r i a b i l i t y  o b s e r v e d  f o r  t h e  r e s t i n g  d i s -  
r h a r g e :  i t  s h o w s ,  h o w e v e r ,  ( T a b l e  1, 
column 2 )  l a r g e  d i f f e r e n c e s  i n  t h e  d i f -  
f e r e n t  u n i t s  f r o m  4 2  msec ( a  r a t e  o f  a p -  
p r o x i m a t e l y  2 4 / s e c )  t o  1100 m s e c  ( a  r a t e  
of O . g / s e c ) .  S t a t o r e c e p t o r s  r e s t i n g  ac-  
t i v i t y ,  t h e r e f o r e ,  v a r i e s  from a v e r y  
slow t o  a f a i r l y  f r e q u e n t  o n e .  A b e t t e r  
i n d e x  o f  t h e  r e c e p t o r  a c t i v i t y  a r e  t h e  
i n t e r s p i k e  i n t e r v a l s  h i s t o g r a m s :  t h e s e  
a r e  d e f i n e d  i n  T a b l e  1 by  t h r e e  p a r a m e -  
t e r s :  t h e  mode ( 5 ) .  t h e  p e r c e n t a g e  o f  
i n t e r v a l s  w i t h i n  t h e  mode (colt .mn 6 )  a n d  
t h e  t a i l  ( co lumn 3)  ( t h e  : a r g e s t  i n t e r -  
v a l ) .  A low p e r c e n  t a g e  number  i n  t h e  
mode i n d i c a t e s ,  o f  c o u r s e ,  a w i d e r  d i s -  
p e r s i o n  o f  d a t a .  The mode,  w h i c h  i n d i -  
c a t e s  t h e  mos t  f r e q u e n t  i n t e r v a l ,  s eems  
t o  b e  i n c l u d e d  i n  a n a r r o w  r a n g e ,  b e t w e e n  
13 a n d  100 m s e c ,  w i t h  a mean o f  3 2  msec .  
Much w i d e r  is t h e  v a r i a b i l i t y  o f  t h e  p e r -  
c e n t a g e  o f  i n t e r v a l s  i n  t h i s  c l a s s ,  as 
i t  v a r i e s  b e t w e e n  2 %  a n d  43% w i t h  an  a v -  
e r a g e  o f  1 6 % .  The  r e a s o n  i s  shown com- 
p a r i n g  i n F i g .  5 h i s t o g r a n  n .  1 w i t h  n .  
3. The  f i r s t  shows  a v e r y  r e l e v a n t  
p e a k  and  t h e  o t h e r  a n e a r l y  
t r i h u t i o n  :a a l l  c i a s s ~ s .  T 
t i o n  d o e s  n o t  r e a l l y  m a t c h  a Poisson 
c u r v e ,  a l t h o u g h  i t  m i g h t  s eem v e r y  simi- 
l a r ,  b e c a u s e  o f  t h e  e x r e n d e d  t a i l :  t h i s  
i s  d u e  t o  The a p p e a r a n c e  o f  o c c a s i o n a l  
v e r y  l o n g  i n t e r v a l s  e q u a l  t o  s e v e r a l  
t i m e s  t h e  mean. T h e s e  l o n g  i n t e r v a l s  
s eem t o  b e  r e l a t e d  t o  t h e  f a s t  o r  s l o w  
b a s i c  a c t i v i t y  o f  t h e  u n i t s ;  a f a s t  u n i t  
( 1 0 - 2 0 / s e c )  w i l l  n e v e r  show an i n t e r v a l  
l o n g e r  t h a n  some h u n d r e d s  o f  n i i l l i s e c -  
o n d s  w h i l e  a slow ( l - S / s e c )  u n i t  m i g h t  
show i n t e r v a l s  o f  s e v e r a l  s e c o n d s  o c c a -  
s i o n a l l y .  However ,  b e t w e e n  t h e  mean a n d  
t h e  l a r g e s t  i n t e r v a l  a c l e a r  c u t  r e l a -  
tion i s  n o t  o b s  e r v d .  F o r  e x a m p l e ,  i n  
u n i t  n .  7 (mean 50 msec)  t h e  l o n g e s t  i n -  
t e r v a l  i s  SO0 m s  e c , w h i l e  i n  u n i t  n .  9 
(m. 105) t h e  l o n g e s t  i n t e r v a l  i s  250 
msec .  
The  e a r l y  p e a k  shown i n  t h e  h i s t o g r a m  
o f  some u n i t s  (Fig. 3 A B) v a r i e s  i n  
a m p l i t u d e  w i t h i n  a n a r r o w  r a n g e  a t  s t a -  
t i o n a r y  s t a t e .  As m e n t i o n e d  b e f o r e ,  i t  
c o r r e s p o n d s  t o  t h e  h i g h  f r e q u e n c y  b u r s t  
shown i n  F i g .  4 .  The c h a r a c t s r i s t i c s  
o f  t h i s  a c t i v i t y  a r e  s t r i c t l y  r e l a t e d  
t o  t h e  b e h a v i o r  o f  t h e  s l o w e r  p h a s e  of 
t h e  R.D. In e f f e c t  i t  was m o d i f i e d  i n  
p a r a l l e l  w i t h  t h e  R.D. a n d  i n  no way i t  
h a s  b e e n  p o s s i b l e  t o  d i f f e r e n t i a t e  t h e  
f a s t  a n d  t h e  slow componen t  o f  R.D. 
The R.D. was m o d i f i e d  i n  two  i n s t a n c e s :  
as an  a f t e r - e f f e c t  o f  t h e  r e s p o n s e  t o  
s t i m u l a t i o n  a f t e r  t h e  p a u s e  ( F i g .  4 C , E  
a n d  when a r a p i d  b a c k  t i l t  was a p p l i e d  
t o  t h e  p r e p a r a t i o n  ( a  b a c k  t i l t  i s  t i l t -  
i n g  t o w a r d s  a d i r e c t i o n  o p p o s i t e  t o  t h e  
o n e  t h a t  s t i m u l a t e s  t h e  u n i t s :  when 
p e r f o r m e d  s l o w l y  i t  d o e s  n o t  s eem t o  
p r o d u c e  a n y  a l t e r a t i o n  o f  t h e  R.D.) A 
p r o l o n g e d  s u p p r e s s i o n  o f  f i r i n g  was 
t h e n  o b s e r v e d ,  q u i c k l y  r e v e r s e d  by  a 
t i l t  i n  t h e  a p p r o p r i a t e  d i r e c t i o n  ( F i g .  
6 A , B ) .  
S t e a d y  s t a t e  s t i m u l u s  a n d  s t a t i o n a r y  re,  
s p o n s e .  The h i g h e s t  r e s p o n s e  was al- 
ways o b s e r v e d  d u r i n g  a t r a n s i e n t  s t i m u -  
l u s  d u e  t o  a c o n t i n u o u s  t i l t ;  when a t  
t h e  e n d  o f  i t  t h e  h e a d  was k e p t  i n  a 
s t e a d y  p o s i t i o n ,  a f t e r  a n  i n i t i a l  a d a p -  
t a t i o n  p e r i o d ,  a s t a t i o n a r y  a c t i v i t y  
was r e c o r d e d  ,* s i g n i f i  c a n t  ly d i f f e r e n t  
f r o m  t h e  r e s t i n g  d i s c h a r g e  ( F i g .  71, 
f r o m  a l l  t h e  s t a t o r e r e p t o r s  s t u d i e d .  
The a d a p t a t i o n  p e r i o d  v a r i e d  f rom few 
s e c o n d s  t o  2 0 - 3 0  s e c o n d s .  As shown i n  
T a b l e  1 t h e  d e c r e a s e  i n  t h c  r a t e  sE f i r -  
i n g  d u e  t o  a d a p t a t i o n  v a r i e s  v a r y  a u c n  
i n  t h e  g r o u p  o f  ? h e  s t a t o r e c e p t o r s  c o n -  
s i d e r e d .  S o ~ e  h n r d l v  show any chanqt? 
a t  a l l  ( s e e  u n i t s  17 a n d  1 8 1 ,  5ome show 
B d e c r e a s e  o f  as much as 500% ( a n i 2  11). 
However ,  t h e  a c t i v i t y  i s  s t a b i l i z e d  if- 
t e r  t h i s  p e r i o d  and  no t r e n d  i s  shown 
( F i g .  8) t h e r e a f t e r ,  i n d i c a t i n g  a t r u e  
s t a t i o n a r y  d i s c h a r g e .  
The  c h a n g e  i n  i n t e r v a l  d i s t r i b u t i o n  a t  
d i f f e r e n t  l e v e l s  of  e x c i t a t i o n  i s  exem- 
p l i f i e d  i n  F i g .  9 A .  T h e  mean v a l u e ,  t h e  
l a r g e s t  i n t e r v a l  a n d  t h e  p e r c e n t a g e  o f  
t h e  mode a r e  shown .  r a n g e  o f  t h e  
u n i t  i s  0 . 6 2  g a s  a c h a n g e  i n  t h e  a c t i -  
v i t y  s t a r t s  i n  b )  a n d  s a t u r a t i o n  i s  
r e a c h e d  i n  e ) .  W i t h i n  t h i s  r a n g e  t h e  
o n l y  p a r a m e t e r s  t h a t  c h a n g e  s i g n i f i -  
c a n t l y  a r e  t h e  a v e r a g e  i n t e r v a l  v a l u e ,  
t h e  p e r c e n t a g e  o f  i n t e r v a l  i n  t h e  mode 
a n d  t h e  maximum i n t e r v a l ,  The v a r i a -  
t i o i l  o f  t h e  t h r e e  p a r a m e t e r s  i s  shown 
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d i a g r a m a t i c a l l y  i n  F i g .  9B. A l l  t h r e e  
a r e  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  d i f -  
f e r e n t  e x c i t a t i o n  i n t e n s i t v .  Some o f  t h e  
r e s u l t i n g  c u r v e s  a p p e a r  r o u g h l y  S s h a p e d ,  
d i f f e r e n t  f rom t h e  s i m p l e  l o g a r i t h m i c  r e -  
I a t i o n s h i p  s h  own d u r i n g  c o n t i n u o u s  t i l t  
( s e e  l a t e r ) .  A n a l y z i n g  t h e  same d a t a  f o r  
t h e  e n t i r e  g r o u p  ( T a b l e  1 ,  column 8 . 9 ,  
1 0 , 1 1 , 1 2 )  of  s t a t o r e c e p t o r  a n  e q u a l  com- 
p l e x  s t i m u l u s  r e s p o n s e  r a t i o  i s  o b s e r v e d  
a l t h o u g h  i n  many c a s e s  i t  a p p r o x i m a t e s  a 
l o g  c u r v e  ( F i g .  9 8 ) .  The  r a n g e  o f  t h e  
s t a t o r e c e p t o r s  v a r i e s  w i d e l y  ( T a b l e  1 ,  
l a s t  co lumn on  t h e  r i g h t )  f rom a minimum 
of  0 . 0 1  t o  a maximum o f  0 . 6 :  n o n e  was 
f o u n d  c o v e r i n g  t h e  e n t i r e  1 g r a n g e  a n d  
many w e r e  r e m a r k a b l y  l i m i t e d  t o  a few 
h u n d r e t d b o f  g .  I t  m u s t  b e  e m p h a s i z e d  
t h a t  t h e  s t i m u l a t i o n  was a l w a y s  p e r f o r m e d  
a t  t h e  c e n t e r  o f  t h e  f i e l d  o f  t h e  u n i t ,  
n a m e l y ,  i n  t h e  c o n d i t i o n s  o f  maximum 
s e n s i t i v i t y  a n d  minimum r a n g e  ( G u a l t i e r -  
o t t i ,  1 9 6 8 ) .  
T r a n s i e n t s  : l i n e a r ,  v i b r a t o r y ,  l i n e a r  
p l u s  v i b r a t o r y .  W h a t e v e r  t h e  t r a n s i e n t  
s t i m u l a t i o n ,  two  k i n d s  o f  r e s p o n s e s  w e r e  
a l w a y s  r e c o r d e d :  t o  a n  a c c e l e r a t i o n  a p -  
p l i e d  i n  t h e  a p p r o p r i a t e  d i r e c t i o n  f o r  
t h e  u n i t  e x c i t a t i o n ,  an  i n c r e a s e  o f  t h e  
mean o f  t h e  f i r i n g  r a t e ,  a n d  a d e c r e a s e  
o f  t h e  l a r g e s t  i n t e r v a l  v a l u e  was o b -  
s e r v e d  p a r a l l e l  t o  a n d  p r o p o r t i o n a l  t o  
t h e  i n c r e a s i n g  s t h u l a t i o n .  A s  s o o n  a s  
t h e  s t i m u l u s  was d e c r e a s e d  a s u p p r e s s o r y  
e f f e c t  i n  t h e  f i r i n g  was o b s e r v e d ,  l a r g e -  
l y  i n d e p e n d e n t  from t h e  c o u r s e  o f  d e c e l -  
e r a t i o n .  T h i s  was f o l i o w e d  by a p e r i o d  
o f  l o w e r  r a t e  o f  f i r i n g  t i l l  n o r m a l  r e s t -  
i n g  d i s c h a r g e  was o b s e r v e d  ( F i g .  4 d-e!.  
n u r i n g  a s x o o t h  t i l t  a t  a s p e e d  o f  o r  b e -  
1au l " / s e c ,  r e s u l t i n g  i n  an  e x c i t a t o r y  
l i n e a r  a c c e l e r a t i o n  ( t h e  g r a v i t y  compon- 
e n t  i n  t h e  a p p r o p r l a t e  d i r e c t i o n )  a l o g  
s t i m u i u s  r e s p o n s e  r a t i o  was r e c o r d e d  
when t h e  l a r g e s t  i n t e r v a l  ( F i g .  10A 8 B )  
o r  t h e  mean was t a k e n  2s t h e  s i e n i i i c a n t  
d a t a .  The  r a n g e  o f  t h e  r e s p o n s e  f o l l o w -  
i n g  c o n t i n u o u s  t i l t  was t h e  same f o r  
e a c h  u n i t  a s  a t  a s t e a d y  s t i m u l a t i o n .  I f  
t h e  s p e e d  o f  t h e  t i l t  e x c e e d e d  t h e  v a l u e  
i n d i c a t e d  a b o v e ,  some b u r s t s  o f  q u i c k  
f i r i n g  p r e c e e d e d  t h e  n o r m a l  r e s p o n s e  
( o v e r s h o o t i n g ) .  Back t i l t i n g  a f t e r  a 
s t i m u l a t i o n  a l w a y s  p r o d u c e d  a s u p p r e s -  
s o r y  e f f e c t  as m e n t i o n e d  b e f o r e ;  i t s  
d u r a t i o n  a p p e a r e d t o  b e  r e l a t e d  w i t h  t h e  
s p e e d  a n d  t h e  d u r a t i o n  o f  t h e  b a c k  t i l t  
( F i g .  4 C , D , E ) .  I f  t h e  h a c k t i l t  was P e r -  
fo rmed  v e r y  s l o w l y  a n d  s m o o t h l y  t h e  SUP- 
p r e s s i o n  e f f e c t  m i g h t  b e  g e r y  s h o r t ,  h u t  
a r e t u r n  t o  n o r m a l  f o l l o w i n g  i n  r e v e r s e  
t h e  saae c u r v e  as by s t l m u l a c i o n  was 
n e v e r  o b s e r v e d .  
_.___ 
A l l  s t a t o r e c e p t o r s  s t u d i e d  seem t o  b e  
a b l e  t o  f o l l o w  t h e  c o u r s e  o f  v i b r a t o r y  
s t i m u l i  UP t o  3 - 4 0 0 / s e c .  The l i m i t i n g  
f a c t o r  was t h e  s h o r t e s t  i n t e r v a l :  i f  t h e  
v i b r a t i o n  f r e q u e n c y  was h i g h e r  t h a n  t h e  
r e c i p r o c a l  o f  t h e  s h o r t e s t  i n t e r v a l  o f  
t h a t  p a r t i c u l a r  u n i t  t h e  r e s p o n s e  was e r -  
r a t i c .  
The s t a t o r e c e p t o r s r e s p o n s e  was l i m i t e d  t o  
t h e  f i e l d  i n  w h i c h  t h e  r e s n o n s e  t o  l i n e a r  
a c c e l e r a t i o n  was a l s o  r e c o r d e d  ( F i g ,  1 1 ) :  
f r e q u e n c y ,  a m p l i t u d e  a n d  s h a p e  e f  t h e  v i b -  
r a t i o n  c o r r e s p o n d e d  t o  s i g n i f i c a n t  
c h a n g e s  i n  t h e  p a r a m e t e r s  o f  t h e  r e s p o n s e  
The f i r i n g  p a t t e r n  d u r i n g  a v i b r a t i o n  f o l -  
l owed  t h e  c h a r a c t e r i s t i c s  d e s c r i b e d  i n  
t h e  p r e v i o u s  c h a p t e r  f o r  t h e  r e s p o n s e  t o  
l i n e a r  a c c e l e r a t i o n :  t h e  r a t e  o f  f i r i n g  
i n c r e a s e d  as a f u n c t i o n  o f  t h e  i n t e n s i t y  
a n d  t h e  s p e e d  o f  t h a t  p a r t  o f  t h e  v i b -  
r a t o r y  c h a r q e  c o r r e s p o n d i n g  t o  a p o s i t i v e  
s t i m u l u s  ( F i g .  1)  : when v i b r a t i o n  p r o -  
d u c e d  wha t  f o r  t h e  u n i t  a p p e a r e d  as a d e -  
c e l e r a t i o n ,  t h e  a I r e a d y  d e s c r i b e d  s u p -  
p r e s s o r y  e f f e c t  was s h o w n ,  w i t h  a l o n g  in -  
t e r v a l .  The s u c c e s s i o n  o f  t h e  two  pheno-  
n e n a  was r e l e v a n t .  I n  f a c t ,  i f  t h e  d e -  
c e l e r a t i o n  was f a s t  e n o u g h ,  a l o n g  i n -  
t e r v a l  p r e c e d e d  t h e  b u r s t  o f  f a s t  f i r i n e ;  
t h i s  d i d  n o t  h a p p e n  f o r  a l o v e r  v e l o c i t y .  
I f  t h e  d e c e l e r a t i o n  f o l l o w e d  t h e  s t i m u l u s ,  
a l o n g  i n t e r v a l  was n e a r l y  a l w a y s  p r e -  
s e n t ,  p r o p o r t i o n - ?  t o  t h e  s p e e d  o f  t h e  
d e c e l e r a t i o n .  4 s  a r e s u l t ,  a s i n u s o i d a l  
v i b r a t i o n  w i l l  p r o d u c e  e i t h e r ,  a )  an  a l -  
t e r n a t i o n  o f  b u r s t  o f  f i r i n g  f o l l o w e d  by 
l o n g  i n t e r v a l s .  T h i s  w i l l  c o v e r  t w o  
p o s s i b i l i t i e s  - a p o s i t i v e  a c c e l e r a t i o n  
f o l l o w e d  h y  a n e g a t i v e  o n e .  a n e g a t i v e  
s l o w  a c c e l e r a t i o n  f o l l o w e d  by a p o s i t i v e  
3 n e .  3: 5 )  ?. l o n g  i n t e r v l t  f c ! lnwed  by 
a b u r s t  when a q u i c k  d e c e l e r a t i o n  i s  f o l -  
lowed by a p o s i t i v e  s t i m u l u s .  The  i a t e  \ 
of  t h e  b u r s t  $%as  p r o p o r t i o n a l  L o  t h e  
s p e e d  of t h e  s t i m u l u s  a n d  i t s  d u r a t i o n  t o  
t h e  t i m e  c o u r s e  o f  t h e  i n c r e a s i n g  a c c e l -  
e r a t i o n  d u r i n g  t h e  v i b r a t i o n .  The  v a l u e s  
o f  t h e  i n t e r v a l  f o l l o k i n g  t h e  b u r s t  w e r e  
p r o p o r t i o n a l  t o  t h e  s p e e d  a n d  d u r a t i o n  o f  
t h e  d e c e l e r a t i o n .  By t h e  c o n h i n a t i o n  O f  
t h e s e  f a c t o r s  t h e  v i h r a t i o n  a c c e l e r a t o r v  
c u r v e  was i d e n t i f i e d  c l o s e l v  I-\ r h e  f i r -  
i n g  p a t t e r n  o f  t h e  r e c  t o r  i n v o l t e d :  see 
f o r  i n s t a n c e  F i g .  1 2  ,%re v i b r a -  
t o r y  waves o f  d i f f e r e n t  a m p i i t t i d e  a n d  
f r e q u e n c y  p r o v o k e  a r e c o g n i z a h l e  c h a n g e  
i n  t h e  s t a t o r e c e p t o r  a c t i v i t v .  An exam- 
p l e  w i t h  a complex  v i b r a t o r y  wave i s  
shown i n  F I ~ .  1 3 .  I n  J s e r i e s  o f  near:\* 
i d e n t i c a l  v i h r a t o r v  wave fo rms  t h e  r e s -  
p o n s e s  o f  t h e  s t a t o r e c e p t o r s  w e r e  a l s o  
v e r v  s i m i l a r  t o  e. ich o t h e r .  When a v l b -  
r a t i o n  o a s  s u p e r i m p o s e d  t o  a t i l t ,  t h e  
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Table  n.  1 - Here shown are  the  main parameters o f  20 
s t a t o r e c e p t o r s  p l u s  one r e c e p t o r  responding t o  v i b r a t i o n  only 
(n. 1 a f t e r  n. 9 ) .  The s t a t o r e c e p t o r s  have been s t u d i e d  f o r  
a t  least t e n  hours.  
Column n. 1: number o f  u n i t s .  Columns n .  2-3-4: minimum 
i n t e r v a l ,  maximum i n t e r v a l  and average i n t e r v a l ,  r e s p e c t i v e l y ,  
i n  msec. Columns n.  5-6: mode and percentage o f  t h e  mode i n  
t h e  histogram. (The upper number corresponds t o  t h e  va lues  
during r e s t i n g  d i scha rge .  The number between b r a c k e t s  dur ing  
maximum s t i m u l a t i o n ) .  
. -  
A l l  s t eady  s ta te  data were analyzed f o r  a t  l eas t  10 X 
Columns n.  7-8: a d a p t a t i o n  dur ing  maximum qonstant  s t imu lus :  
average i n t e r v a l  value i n  mi l l i second immediately a f t e r  t r a n s i e n t  
(7) and a t  s t a t i o n a r y  f i r i n g  ( 8 ) .  I n  ( 8 )  t h e  numbers between 
b racke t s  i n d i c a t e  t h e  a d a p t a t i o n  t i m e  (from the end of t h e  
t r a n s i e n t  t o  t h e  beginning of  t h e  s t a t i o n a r y  a c t i v i t y ) .  Columns 
n. 9-13 i n d i c a t e  t h e  average f i r i n g  r a t e  a t  5 a r b i t r a r y  l e v e l s  
of  e x c i t a t i o n  from t h r e s h o l d  t o  maximal s t imu lus  du r ing  a smooth 
t i l t .  Columns n. 14-15 i n d i c a t e  t h e  response t o  d e c e l e r a t i o n  e t  
maximum and minimum speed r e specc ive ly .  The l as t  column on 
r i g h t  i n d i c a t e s  t h e  range of the u n i t  i n  t h e  area of  t h e  f i e l d  
of maximum s e n s i t i v i e y .  For f u r t h e r  observa t ion  see t e x t .  
i n t e r v a l s  . 
Fig .  1 - Upper r eco rd :  v i b r a t i o n  of  t h e  head i n  a human 
sub jec t  s i t t i n g  i n  a c h a i r  comfortably.  Lower record:  response 
of a s i n g l e  o t o l i t h  u n i t  of  t h e  b u l l  f r o g  t o  v i b r a t i o n  of  
comparable i n t e n s i t y  as t h e  one i n  the  upper r eco rd .  Upper 
t r a c i n g ,  a c c e l e r a t i o n  p r o f i l e .  Lower t r a c i n g ,  each do t  co r re -  
sponds t o  an i n t e r v a l .  The value i s  read from t h e  "0" l i n e  t o  
each consecut ive d o t .  
a4 
Fig .  2 - Demonstration o f  t h e  method f o r  determining a 
s i n g l e  u n i t  f i r i n g  du r ing  a prolonged r eco rd ing :  i n i t i a l  p a r t  of 
t h e  i n t e r s p i k e  i n t e r v a l  histogram i s  shown: a )  and b )  o f  a 
s i n g l e  u n i t  each, c )  of  t h e  sum o f  the two u n i t s  a + b: as 
shown i n  a )  and b )  a minimum i n t e r v a l  of 5.1 and 2 msec i s  
determined. I n  c )  no mPnimum i n t e r v a l  i s  v i s i b l e ,  owing t o  t he  
presence of  two d i f f e r e n t  u n i t s  a c t i v i t y .  
0.078 msec/address. 
10.000 (10K) i n t e r v a l s  each histogram. 
Fig .  3 A  - Histograms o f  i n t e r v a l s  du r ing  spontaneous f i r i n g  
of t h e  same u n i t  over  a 48-hour pe r iod .  R e s u l t s  o f  - t h e  first 24 
hours. Note bimodal d i s t r i b u t i o n ;  first peak arrowed. 
Ffg.  3B - The same as Fig .  3 A  a f t e r  48 hours .  
same his togram w i t h  an  expanded time base f o r  b e t t e r  demonst ra t ion  
of t h e  bimodal d i s t r i b u t i o n .  F i r s t  peak arrowed. 
On t h e  r i g h t ,  
- -  
- Lower record :  r e s t i n g  d i scha rge  (A-B) and evoked 
respo:%') o f  a s i n g l e  f i b e r  o f  t h e  V I 1 1  nerve  i n  t h e  b u l l  
f r o g  cor responding  t o  a g r a v i t o c e p t o r .  The t h r e e  upper  t r a c i n g s  
i n d i c a t e  t h e  l i n e a r  a c c e l e r a t i o n  i n  t h e  x y and z a x i s .  I n  C :  
t h e  head down tilt provokes an  i n c r e a s e  i n  t h e  average  ra te  of  
f i r i n g .  I n  D ,  E and F back t i l t i n g  s t o p s  suddenly t h e  d i scha rge  
(P=pause) .  Th i s  i s  fol lowed by a s lower  f i r i n g  ( a f t e r  e f f e c t ) .  
The pause seems t o  be  r e l a t e d  t o  t h e  speed and durat j -on of t h e  
back t i l t .  Note t h e  i r r e g u l a r i t y  i n  t h e  rate o f  f i r i n g :  very  
- s h o r t  i n t e r v a l s ,  p r a c t i c a l l y  double  f i r i n g  a r e  arrowed i n  A 
and B. Note a l s o  t h e  accommodation e f f e c t  a t  a s t e a d y  t i l t  i n  
C and D i n d i c a t e d  by a spontaneous dec rease  d f  t h e  ra te  o f  
f i r i n g .  C a l i b r a t i o n  o f  t h e  acce le romete r  and t i m e  i n  t h e  r eco rd  
ampl i tude  o f  t h e  sp ike :  500 uV. 
F i g . . 5  - I n t e r s p i k e  i n t e r v a l  h i s togram o f  3 u n i t s  d u r i n g  
r e s t i n g  d i scha rge .  The wide d i f ' fe rence  i n  d i s t r i b u t i o n  i s  shown. 
10 R i r iCervais  f o r  each  u n i t  nave been analyzed:  on t h e  a o s c i s s a ,  
i n t e r v a l ' s  d u r a t i o n  i n  msec; on t h e  o r d i n a t e :  number of i n t e r v a l s  
i n  % of  t o t a l .  
F ig .  6 A  - Suppress ion  o f  f i r i n g  du r ing  a r e s t i n g  d i scha rge  
due t o  r a p i d  b a c k - t i l t  o u t s i d e  t h e  u n i t  range.  A sp ike  
(arrowed) i n  t h e  middle o f  t h e  suppres s ion  pe r iod  shows t h a t  no 
a r t i f a c t  e x i s t s  l i k e  f o r  i n s t a n c e  t h e  displacement  o f  t h e  
e l e c t r o d e  du r ing  t h e  t i l t :  upper r e c o r d ,  g r a v i t y  a . w e l e r a t i o n  
component; lower r eco rd ,  sp ike  t r a i n  d a t a  ( t h e  base n o i s e  i s  
c l ipped  a w a y ) .  C a l i b r a t i o n  o f  t h e  sp ike  ampl i tude  and a c c e l e r a t i o n  
i n  t h e  f i g u r e .  
- P o s i t i v e  and nega t ive  response  t o  a r a p i d  tilt 
i n  t h e  b u l l  f r o g .  The consecu t ive  i n t e r v a l s  are shown a s  t h e  
d i s t a n c e  between t h e  "0" l i n e  and each whi te  d o t :  t h e  a c c e l e r a t i o n  
r e s u l t i n g  from t h e  tilt i s  i n d i c a t e d  by t h e  cont inuous  l i n e .  
(200 ,FW. and a back tilt  r e s p e c t i v e l y  of  a s i n g l e  o t o l i t h  u n i t  
F ig .  7 - Response t o  cont inuous  tilt and t o  a s t e a d y  s ta te  
s t imu lus  at  t h e  end o f  t h e  t i l t i n g  motion. The i n t e r v a l s  are 
measured as i n  F ig .  6B. Continuous l i n e s :  a c c e l e r a t i o n s  i n  t h e  
t h r e e  d i r e c t i o n s  o f  space as shown i n  diagramatic f i g u r e  of t h e  
f rog  on l e f t .  I n s e r t  on bottom r i g h t :  changes of  i n t e r v a l  va lues  
as a func t ion  of  t h e  g r a v i t a t i o n a i  component du r ing  Y i l t .  
I n t e r v a l  values  i n  msec, a c c e l e r a t i o n  i n  "g" and t . i m e  i n  
t h e  f i g u r e .  
Incomplete adap ta t ion  i s  shown: t h e  i n t e r v a l s  d u r a t i o n  
inc reases  up t o  30'' a f t e r  t h e  end of  t h e  t i l t i n g  motion: t hen  t h e  
a c t i v i t y  becomes s t a t i o n a r y  {see Fig.  8 ) .  _. -
Fig:  8 - Computer a n a l y s i s  o f  t r e n d  during a s t eady  state 
s t imu la t ion  r e s u l t i n g  as a sus t a ined  discharge.  The r e g r e s s i o n  
l i n e  proves t h a t  no adap ta t ion  i s  shown a f t e r  a few seconds and 
s t a t i o n a r y  f i r i n g  i s  reached. Each point  = t o  t h e  mean over  a 
400 msec per iod.  On t h e  absc i s sa :  d u r a t i o n  of t h e  discharge i n  
seconds; on t h e  o rd ina te :  i n t e r v a l  values  i n  msec. 
Fig.  9A - S e r i e s  of i n t e r s p i k e  i n t e r v a l  histograms of t h e  
Same u n i t  a t  d i f f e r e n t  l e v e l s  of constant  e x c i t a t i o n .  The main 
parameters of  t h e  histogram are descr ibed i n  the, f i g u r e .  A s  
shown t h e  u n i t  s ta r t s  responding a f t e r  an i n t e r v a l  t ilt  
corresponding t o  0.08 g. 
s i g n i f i c a n t  changes shown i n  t h e  histograms o f  t h e  previous f i g u r e :  
t he  longest  i n t e r v a l ,  t h e  percentage i n  t h e  mode and t h e  average 
i a t e r v a l  value; on cChe 25cciss1, a c c e l e r a t k n  i n  g:  on t h e  
o r d i n a t e  on l e f t ,  i n t eTva l s  ir. msec; on t h e  o r d i n a t e  on r i g h t ,  
percentage o f  i n t e r v a l s  i n  t h e  mode. The curves i n d i c a t e  a 
complex s t imulus response r a t i o ,  but c e r t a i n l y  not a l i n e a r  
r e l a t i o n s h i p .  
F'fg. 9B - Diagram sh0wir.g t h e  course of  t h e  t h r e e  main 
Fig.  10A-E - Diagram showing t h e  s t imulus response r a t i o  of 
a s i n g l e  o t o l i t h  u n i t  i n  t h e  b u l l  f rog ,  t ak ing  i n  account t h e  
envelope of t h e  curve only: i n  A on a l i n e a r  and i n  B on a 
logari thmic s c a l e .  Note a nea r ly  p e r f e c t  f i t  with t W W e b e r  
Feckner l a w  ( s e e  t e x t ) .  
Fig.  11 - S t a t o r e c e p t o r  response t o  v i b r a t i o n :  i n t e r v a l s  
and a c c e l e r a t i o n s  continuousiy measured as i n  Fig.  3 A .  g l e v e l ,  
time and i n t e r v a l  du ra t ion  i n  msec i n  t h e  record.  A s  shown, 
t h e  s t a t o r e c e p t o r  responds t o  v e r t i c a l  v i b r a t i o n  only ( Z ,  see  
second on top,  l e f t ,  compare w i t h  absence of response i n  record 
on top,  r i g h t ) .  Frequency and amplitude changes are followed 
c l e a r l y  by  b u r s t s  of f i r i n g  fol-owed by a long i n t e r v a l :  t h i s  i s  
expec ia l ly  evident a t  low frequency (record on bottom, r i g h t ) .  
Fig.  1 2  - Same s t a t o r e c e p t o r  as i n  Pig.  11, same method o f  
a n a l y s i s ,  v i b r a t i o n  on v e r t i c a l  plane only (2). A s i n e  wave 
v i b r a t o r y  s t imulus of d i f f e r e n t  amplitude and frequency i s  
c l e a r l y  analyzed by t h e  r ecep to r .  For f u z t h e r  information 
see t e x t .  
Fig .  13 - The r e sponse  t o  a complex v i b r a t o r y  s t i m u l u s  i s  
shown. A. basic s i n e  wave i s  superimposed by a fas te r  frequency 
of lower ampl i tude .  The r e c e p t o r  response  fo l lows  w i t h  very  
similar p a t t e r n s  t h e  main f requency ,  the  shape o f  which i s  very  
approximately c o n s t a n t .  It does  no t  ro l low t h e  superimposed one 
a s  t h i s  i s  h ighe r  t h a n  t h e  r e c i p r o c a l  o f  t h e  minimum i n t e r v a l .  
The main c h a r a c t e r  o f  t he  response  are t h e  i n c r e a s e  o f  the ra te  
of f i r i n g  up t o  a ve ry  h igh  f requency  b u r s t  o f  two sp ikes  d u r i n g  
the downgoing d e f l e c t i o n  o f  t he  v i b r a t o r y  wave ( p o s i t i v e  
a c c e l e r a t i o n  = i n c r e a s i n g  s t i m u l u s ) .  T h i s  i s  fo l lowed by  a 
longe r  i n t e r v a l  d u r i n g  t h e  second p a r t  o f  t h e  curve:  ( d e c e l e r a t i o n  = 
dec reas ing  s t i m u l u s ) .  T i m e ,  i n t e r v a l ,  d u r a t i o n  v a l u e s  i n  seconds 
and a c c e l e r a t i o n  i n  “gt’ i n  the  f i g u r e .  _ _  - 
Fig .  1 4  - Example o f  a n a l y s i s  o f  a s t a t o r e c e p t o r  d u r i n g  
v i b r a t i o n ,  and tilt p l u s  v i b r a t i o n .  On t o p ,  l e f t ,  d i r e c t  
r eco rd ing  o f  t h e  raw s p i k e  t r a i n  data ( lower r e c o r d )  d u r i n g  
v i b r a t i o n s  on the  x and y only  (no response ,  p o s s i b l y  suppres s ion )  
and on z o n l y  (fast  d i scha rge ,  modulated by t h e  v i b r a t o r y  
f requency) .  (Upper th ree  r e c o r d s )  r i g h t ,  t e s t  f o r  s i n g l e  u n i t  
f i r i n g  cove r ing  the e n t i r e  experiment  (see F i g .  2 ) .  A minimum 
i n t e r v a l  o f  2.9 msec i s  shown. On bottom, l e f t :  changes of  
i n t e r v a l s  d u r a t i o n  as a f u n c t i o n  of  t h e  g r a v i t a t i o n a l  a c c e l e r a t o r y  
component due t o  t i l t i n g  p l u s  v i b r a t i o n  i n  “g”. On t h e  o r d i n a t e  
i n t e r v a l s  measured as a d i s t a n c e  o f  each  wh i t s -do t  from t h e  
abscissa; on t h e  a b s c i s s a ,  a c c e l e r a t i o n  i n  “gtl. On bottom, r i g h t ,  
a n a l y s i s  o f  a p o r t i o n  o f  t h e  response  measured as i n  F i g .  6 B .  
On t o p ,  t i m e  marker .  Continuous l i n e ,  g r a v i t a t i o n a l  component 
p l u s  v i b r a t o r y  hiave. Note d o t s  meassr ing i n t e r v a l s  a s  desc r ibed  
above. The r e sponses  t o  v i b r a t i o n  are arrowed. The t o t a i  
PespcnsE shovs ar, o-:erall denreeee of t h e  i n t e r v a l s  d u r a t i o n ,  
p l u s  b u r s t s  o f  qu ick  f i r i n g  a l t e r n a t e d  w i t h  l onge r  i n t e r v a l ,  
fo l lowing  the  wave form o f  t h e  v i b r a t i o n .  
F ig .  15 - Recording and a n a l y s i s  o f  one e f f e r e n t  f i b e r  i n  
the VI11 nerve  c u t  p e r i p h e r a l l y ;  on t o p ,  sp ike  t r a i n  data ( lower 
r e c o r d )  and imposed v i b r a t o r y  a c c e l e r a t i o n s  i n  the  three  d i r e c t i o n s  
o f  space .  Three upper  r eco rds :  n o t e  t h e  p e r i o d i c  b u r s t  or“ s p i k e s ,  
at a ve ry  cons t an t  f requency  but  w i t h  v a r i a b l e  i n t e r b u r s t s  i n t e r v a l s .  
No r e l a t i o n  e x i s t s  between t h e  v i b r a t i o n  and t h e  p w i o d i c a l  a c t i v i t y :  
bottom, on l e f t ,  the  modulated a c t i v i t y  pers i s t s  even i f  no v i b r a t i o n  
is imposed. Prom t h e  i n t e r s p i k e  i n t e r v a l s  h i s togram on bottom 
r igh t ,  a f i v e  peak d i s t r i b u t i o n  i s  shown. 
Hg. 16 - ResFonse t o  rap id  r o t a t i o n  of t h e  d o r s a l  ~ ~ S c l e s  i n  t h e  
bull-frog on l e f t  upper and lower records and of one u n i t  of t h e  eemic i r  
calor canal.The f o u r  record on l e f t  shows t h e  electromiogram of the  two 
muticlee on r i g h t  and l e f t  ( f i r s t  and t h i r d  record) .Middle recordznccele= 
ration i n  t he  ho r i zon ta l  p l s n  before and a f t e r  cu t t i ng  o f  t h e  vestibular 
nsrve b i l a t  erally,  
Single f lgure  on rl&t:changes i n  the  i n t e r s p i k e  i n t e r v a l s  analyssd as 
In previous f igu re  i n  t h e  same oonaitions.  
A0 shown the muscular response follows the semlcurcular cans1 stimula = 
t l o n  and I s  provoked by it. 
r e s p o n s e  o f  t h e  s t a t o r e c e p t o r s  f o l l o w e d  
a complex  p a t t e r n  by w h i c h  b o t h  t h e  ac -  
c e l a t o r y  c o m p o n e n t s  w e r e  r e c o p n i z e d  by 
t h e  u n i t  ( F i g .  1 4 ) .  Namely.  w h i l e  t h e  
g e n e r a l  e n v e l o p e  o f  t h e  c u r v e  d e s c r i b i n g  
t h e  v a r i a t i o n  o f  t h e  i n t e r v a l  d u r a t i o n  
as a f u n c t i o n  o f  t h e  g r a v i t a t i o n a l  com- 
p o n e n t  c h a n g e  d u r i n g  t h e  t i l t  f o l i o w e d  
t h e  u s u a l  l o g  s t i m u l u s  r e s p o n s e  r a t i o ,  
b u r s t s  of f a s t  a c t i v i t y  w i t h  t h e  c h a r a c -  
t e r s  d e s c r i b e d  a b o v e  w e r e  r e c o r d e d  s i m -  
u l t a n e o u s l y  w i t h  t h e  v i b r a t i o n  waves  
( b o t t o m  on r i g h t :  v i b r a t i o n  r e s p o n s e s  a r -  
r o w e d ) .  I t  c a n  h e  c o n c l u d e d  t h a t  t h e  
r e s p o n s e  t o  a n  a c c e l e r a t i o n  o f  any  k i n d  
w i t h i n  f i e l d  o f  e a c h  s t a t o r e c e p t o r  i s  t h e  
r e s u l t  o f  t h r e e  f a c t o r s :  f )  t h e  a b s o l -  
u t e  v a l u e  o f  t h e  a c c e l e r a t i o n  ( l i n e a r  
a n d  v i b r a t i n g  f o r  e x a m p l e ) ,  2 )  t h e  d i r e c -  
t i o n ,  a n d  3)  t h e  s p e e d  o f  t h e  preceed!ng 
a c c e l e r a t i n g  c h a n g e .  
DISCUSSION 
S t a t o r e c e p t o r s  a r e  c 5 a r a c t e r i : e d  h e r e  a s  
t h o s e  v e s t i b u l a r  r e c e p t o r s  t h a t  d o  n o t  
show c o n p l e t c  a d a p t a r i o n .  T h i s  IS a l e g -  
i t i m a t e  a s s u m p t i o n  a s ,  i n  t h i s  c a s e ,  t h e  
p o s i t i o n  o f  t h e  h e a d  w i l l  c o r r e s p o n d  t o  
a s p e c i f i c  l e v e l  o f  a c t i v i t y  i n  t h e  s e n -  
s o r y  i n p u t ,  t h u s  a s s u r i n g  t h e  p r o p e r  i n -  
f o r m a t i o n  t o  t h e  c e n t r a l  a n a l y z e r  ( R o s s ,  
1996 :  L o w e n s t e i n  and  R o b e r t s ,  1 9 5 0 ;  T r i n -  
k e r ,  1 9 6 2 ;  R u p e r t  e t  a l . ,  1 9 6 2 ;  L e v i t a n ,  
R o s e n b e r g  a n d  V i d a l ,  1 9 6 7 ) .  T h i s  means 
t h a t  a t  a c e r t a i n  t i v e  d u r i n g  a s t e a d y  
s t i - n u l a t i o n ,  a s t a t i o n a r v  f i r i n g  m u s i  b e  
r e c o r d e d ,  s i g n i f i c a n t l y  d i f f e r e n t  f o r  s n y  
p o s i t i o n  o f  t h e  h e a d .  T h i s  c o n d i t i o n  c a n  
b e  c o n c l u s i v e l y  9 h n w n  o y  a r r e n d  a n a l y s i s  
o f  t h e  s p i k e  t r a i n  d a t a  a s  p e r f o r m e d  
h e r e .  A n  a p p r o x i m a t e  b u t  n o t  w h o l l y  
s a t i s f a c t o r y  i n d i c a t i o n  m i q h t  h e  p r o v i d e d  
h y  a s t e a d y  n e a n  r a t e  o f  f i r i n g  l a s t i n g  
some m i n u t e s .  
A l l  o f  t h e  8 4  s t a t o r e c e p t o r s  t h u s  i d e n t i -  
f i e d  ( a n d  f o r  t h a t  m a t t e r  t h e  o t h e r  n o n -  
s e m i c i r c u l a r  c a n a l  u n i t s  a l s o )  showed  a 
r e s t i n g  d i s c h a r g e ,  a l t h o u g h  some o f  t h e  
u n i t s  m i g h t  f a i l  t o  f i r e  f o r  as l o n g  a s  
1 h .  a f t e r  t h e  m i c r o e i e c t r o d e  i m p l a n t a -  
t i o n :  a f t e r  t h a t  p e r i o d ,  h o w e v e r ,  f i r i n g  
s t a r t e d  s p o n t a n e o u s l y .  I n  n e a r l y  a l l  
s u c h  c a s e s  a v e r y  low r a t e  o f  d i s c h a r g e  
was  r e c o r d e d ;  t h i s  i s  c o n t r a s t  o f  ROSS 
f i n d i n g  ( R o s s , 1 9 3 6 ) ,  n a m e l y ,  t h a t  t h e  r e -  
c e p t o r s  o f  e a r  r e m a i n  i n a c t i v e  i n  t h e  a b -  
s e n c e  o f  movement or b i b r a t i o n .  However ,  
a l l  o t h e r  r e s e a r c h e r s  i n  t h e  f 
c l u d e  d i f f e r e n t l y  and  t h e  p o s s  
e x i s t s  t h a t  Ross  r e s u l t s  m i g h t  b e  d u e  t o  
a p r e p a r a t i o n  less  t h e n  i n  g o o d  p h y s i o -  
l o g i c a l  c o n d i t i o n .  
I n  a n  i n t a c t  a n i m a l ,  w i t h  g o o d  c i r c u l a -  
t i o n ,  a s  i t  i s  t h e  c a s e  h e r e ,  i t  seems 
t h a t  e v e n  t h e  i m p l a n t i n g  o f  t h e  m i c r o -  
e i e c t r o d e  p r o v o k e s  some t r a n s i t o r y  i r r i -  
t a t i v e  r e a c t i o n .  T h i s  i s  i n d i c a t e d  by  
t h e  f r e q u e n t  b u r s t s  o f  2 - 3  s p i k e s  f i r i n g  
a t  r e l a t i v e l y  h i g h  f r e q u e n c y ,  t h a t  c o r r e .  
s p o n d  t o  t h e  f i r s t  p e a k  o f  t h e  i n t e r v a l  
h i s t o g t a m :  t h i s  p e a k  d e c r e a s e s  p r o g r e s -  
s i v e l y  up t o  1 - 2  h o u r s  a f t e r  t h e  i m p l a n -  
t a t i o n .  I n  mos t  u n i t s  i t  d i s a p p e a r s  com- 
p l e t e l y ,  b u t  t h e r e  a re  e x a m p l e s  ( s e e  
F i g .  3 8 )  i n  w h i c h  t h e  f a s t  b u r s t s ,  a l -  
t h o u g h  r e d u c e d ,  r e m a i n e d  e v i d e n t ,  I n  
t h e  c a s e  showed i n  F i g .  3 A - B '  t h e  u n i t  
was f o l l o w e d  f o r  96 h o u r s  a n d  t h e  e a r l y  
p e a k  i n  t h e  h i s t o g r a m  n e v e r  d i s a p p e a r e d .  
I t  i s ,  t h e r e f o r e ,  p o s s i b l e  t h a t  s u c h  a c -  
t i v i t y  i s  t r u l y  p h y s i o l o g i c a l .  T h i s  
m i g h t  a l s o  b e  p r o v e d  by  t h e  f a c t  t h a t  a 
f a s t  d e c e l e r a t i o n  p r o v o k e s  a s u p p r e s s i o n  
o f  t h e  f a s t  a c t i v i t y  a l s o :  t h e r e f o r e ,  i t  
mus t  b e  l i n k e d  w i t h  t h e  s t a t o r e c e p t o r  
c o n d i t i o n .  
The  r e s t i n g  d i s c h a r g e  p a r t i c u l a r l y ,  b u t  
a l s o  t h e  e v o k e d  a c t i v i t y  d u r i n g  s t i m u -  
l a t i o n ,  was a l k a y s  v e r y  i r r e g u l a r .  T h i s  
c s n f i r m s  Ross  ( 1 9 3 6 )  r e s u l t s  o n  t h e  f r o g  
b u t  n o t  t h e  o b s e r v a t i o n s  o f  L o w e n s t e i n  
and  R o b e r t s  (19SO) i n  ? h e  i s o l a t e d  l a b y -  
r i n t h  o f  t h e  Ray. T h o s e  a u t h o r s ,  i n  
f a c t ,  r e p o r t e d  a v e r y  s t e a d y  f i r i n g  r e -  
c o r d e d  f r o m  t h e  i s o l a t e d  f i h e r  O C  t h e  
V I 1 1  n e r v e  b o t h  d u r i n g  t h e  r e s t i n q  d i s -  
c h a r g e  a n d  t h e  r e s p o n s e  t o  e x c i t a t i o n .  
I t  h a s  t o  h e  e m p h a s i z e d ,  h o w e v e r ,  t h a t  
t h e s e  r e c o r d i n g s  w e r e  o b t a i n e d  f r o m  i s d -  
I a t e d  p r e p a r a t i o n s ;  t h u s ,  t h e  f e e d - h a c k  
t h r o u g h  e f f e r e n t  p a t h w a y s  was a b s e n t  
( L o w e n s t e i n ,  19671 .  0:: t h e  c t h e r  c n d ,  
e v e n  i n  Ross  p r e p a r a t i o n  t h a t  shows  i r -  
regu!a r  f i r i n g  t h e  c e n t r a l  p a t h h i y s  w e r e  
i n t e r r u p t e d  by c u t t i n g  o f  t h e  '1111 n e r v e  
t o w a r d s  t h e  m e d u l l a  a n d  by  r e m o v i n g  t h e  
r e m a i n  o f  t h e  CNS; b u t  t h e  b l o o d  s u p p l y  
was a b s e n t  i n  t h i s  c a s e  a l s o .  i t  i s  
c o n c e i v a b l e  t h a t  t h e  a c t i v i t y  i n  t h e  i n -  
t a c t ,  n o n - n a r c o t i z e d  a n i m a l ,  h i t h  g o o d  
b l o o d  c i r c u l a t i o n  m i g h t  b e  d i f f e r e n t  
f rom t h a t  o f  t h e  i s o l a t e d  l a b s r i n t h .  i n  
t h e  i n t a c t  n o n - n a r c o t i z e d  c a t  R u p e r t   ( 1 9 6 2 )  showed t h e  *me v a r i a b i l -  
i t y  r e c o r d e d  h e r e  i n  t h e  e l e c t r i c s l  
a c t i v i t y  o f  mos t  o f  t h e  s i n g l e  p r i m a r y  
v e s t i b u l a r  n e u r o n s  t h e y  i n v e s t i g a t c d .  
They a l s o  d e s c r i b e d  u n i t s  f i r i n g  a t  a 
v e r y  c o n s t a n t  r a t e .  T h e s e ,  h o w e v e r ,  b e -  
h a v e d  i n  a v e r y  p e c u l i a r  m a n n e r ,  k i t h  
v e r v  l i t t l e  or n o  r e s p o n s e  t o  t i l t i n g ;  
i t  i s  d o u b t f u l  i f  t h e y  c a n  b e  c o n s i d -  
e r e d  s t a t o r e c e p t o r s .  On t h e  o t h e r  e n d ,  
a numhcr o f  e x a m p l e s  e x i s t  o f  a l a r g e  
v a r i a b i l i t y  i n  t l i c  a c t i v i t y  o f  t h e  p r i -  
mary  n e u r o n s  o f  many s e n s o r y  s y s t e m ;  
t h e  a c o u s t i c  r e c e p r n r s  ( W e i s s .  iQ64; 
K i a n g ,  1 9 6 3 )  t h e  r e t i c u l . i r  u n i t s  i n  d a r k .  
n e s s  ( K u f f l e r  Mal, 1 0 5 7 ) .  t h e  s o m . i t i c  
a f f e r e n t s  (Werne r  and  V o u n t c a s t l e ,  1965) .  
327 
The c a u s e  of t h e  i r r e g u l a r i t y  a i g h t  b e  
i n t r i n s i c  i n  t h e  c e l l  or e x t r i n s i c :  i n -  
t r i n s i c a l l y  i t  might  b e  due  t o  t h e  f l u c -  
t u a t i o n  o f  t h e  j u n c t i o n  membrane p o t e n -  
t i a l  due t o  t h e r m a l  a g i t a t i o n  ( F z t t  and 
Katz ,  1952) ;  e x t r i n s i c a l l y  i t  m i g h t  b e  
provoked by t h e  e f f e r e n t  s y s t e m  which i n  
t h e  f r o g  shows a p e c u l i a r  a c t i v i t y .  I t  
c o n s i s t s  o f  b u r s t s  o f  a v a r i a b l e  number 
of s p i k e s  (from 2 t o  10)  f i r i n g  a t  a r a -  
t h e r  r e g u l a r  f r e q u e n c y .  The i n t e r a l s  b e -  
tween  b u r s t s  i s ,  however ,  v e r y  i r r e g u l a r  
( F i g .  1 5 ) .  Such a c t i v i t y ,  i f  i t  can  mod- 
u l a t e  t h e  f i r i n g  o f  t h e  s t a t o r e c e p t o r  i s  
bound t o  p r o d u c e  i r r e g u l a r i t y ;  however ,  
a u t o c o r r e l a t i o n  a n a l y s i s  d o e s  n o t  show 
any  p e r i o d i c i t y  i n  t h e  r e s t i n g  d i s c h a r g e  
o f  t h e  a f f e r e n t  comparable  t o  t h e  one 
s e e n  i n  t h e  e f f e r e n t  a c t i v i t y  ( F i g .  15B). 
I t  seems,  t h e r  e f o r e ,  t h a t  t h e  i n t r i n s i c  
f a c t o r s  a r e  p r e d o m i n a n t  i n  p r o d u c i n g  t h e  
v a r i a b i l i t y  o f  a f f e r e n t  f i r i n g .  
Al though v a r i a b l e ,  t h e  r e s t i n g  d i s c h a r g e  
c a n n o t  b e  c o n s i d e r e d  w h i t e  n o i s e ;  i n  
f a c t ,  a q u i c k  d e c e l e r a t i o n  provokes  a 
s u p p r e s s i o n  o f  f i r i n g ,  w h i c h i s  a v a l u a b l e  
e l e m e n t  t o  i n c r e a s e  c o n t r a s t :  Lowens te in  
and Sand (19401 d e m o n s t r a t e d  c l e a r l y  t h e  
f u n c t i o n a l  s i g n i f i c a t i o n s  o f  such  an a c -  
t i v i t y .  The e x i s t e n c e  of  a c o n t i n u o u s  
b a r r a g e  o f  i m p c l s e s  i n  t h e  V I 1 1  n e r v e  
(Ledoux, 1949)  i s  an i m p o r t a n t  f a c t o r  in 
t h e  v e s t i  b u l a r l y  o r i g i n a t e d  t o n u s .  The 
V I 1 1  n e r v e  a c t i v i t y  c o n t r o l s  t h e  vagus 
a c t i v i t y  (Aker t  and G e r n a n d t ,  1962)  t h e  
motoneurones  o f  t h e  s p i n a l  c o r d  (Ger-  
n a n d r  and T e r z u o I o ,  1955; Gernandt  and 
T h u l i n ,  l 9 5 3 ) ,  t h e  gamma e f f e r e n t  o f  mus- 
c l e  s p i n d l e  ( T o t s u k a  etal, 1963) and 
many o t h e r  s y s t e m s .  
A h i g h l y  v a r i a b l e  a c t i v i t y  b o t h  in t h e  
r e s t i n g  d i s c h a r g e  and d u r i n g  r e s p o n s e s  
makes i t  d i f f i c u l t  t o  u n d e r s t a n d  t h e  cod-  
i n g  t o  b e  u s e d  by t h e  c e n t r a l  a n a l y z e r  
o f  t h e  s y s t e m .  T h e r e  i s  no d o u b t  t h a t  
s i g n i f i c a n t  s e n s o r y  changes  c o r r e s p o n d  
t o  d i f f e r e n t  s t i m u l a t i o n s  ; however ,  a 
problem e x i s t s - - w h i c h  of t h e  c h a n g i n g  
p a r a m e t e r s  o f  t h e  v e s t i b u l a r  u n i t  a c t i -  
v i t y  is s i g n i f i c a n t  t o  t h e  c e n t r a l  a n a l -  
y z e r .  
The a n a l y s i s  o f  t h e  d a t a  by means o f  t h e  
i n t e r s p i k e  i n t e r v a l  h i s t o g r a m s  i n d i c a t e s  
t h a t  t h r e e  e l e m e n t s  v a r y  c o n s i s t e n t l y  as 
a f u n c t i o n  o f  t h e  s t i m u l u s :  t h e  mean,  
t h e  number o f  t h e  p e r c e n t a g e  o f  t h e  i n -  
t e r v a l s  i n  t h e  mode c l a s s  and t h e  l o n g -  
es t  i n t e r v a l  v a l u e .  In f a c t ,  t h e  s h i f t  
i n  t h e  mode d o e s  n o t  a p p e a r  t o  be con- 
s i s t e n t  and t h e  minimum i n t e r v a l  t e n d s  
t o  be  a c o n s t a n t .  
I n  t h e  f r o g  t h e  motor  r e s p o n s e  t o  a v e s -  
t i b u l a r  s t i m u l a t i o n  t a k e s  p l a c e  a f t e r  a 
d e l a y  o f  20-30 msec ( F i g .  1 6 ) .  Owing t o  
t h e  low f r e q u e n c y  o f  r e s p o n s e  ( 5 0 - 6 0 / s e c  
max) t h i s  w i l l  r e s u l t  i n  1 - 2  i n t e r v a l s  
o n l y  The same s i t u a t i o n  e x i s t s  i n  mam- 
mals  I t  seems t h e r e f o r e ,  t h a t  a s i g n i -  
f i c a n r  mean o f  a s i n g l e  n e u r o n  a c t i v i t y  
is t o  b e  d i s c a r d e d  a s  t h e  main i n f o r m a -  
tion datum; t h e  same a p p l i e s  t o  t h e  p e r -  
c e n t a g e  o f  i n t e r v a l s  in t h e  mode. The 
most  l i k e l y  i n f o r m a t i o n  i s  t h e  d i s a p p e a r -  
ance  o f  t h e  l a r g e s t  i n t e r v a l s  a s  a f u n c -  
t i o n  of  t h e  i n c r e a s i n g  s t i m u l u s .  An a l -  
t e r n a t i v e  would b e  s v e r a g i n g  o f  a s u f f i -  
c i e n t  number o f  u n i t s  respondkng e q u a l l y  
t o  t h e  same s t i m u l u s .  T h i s  i s  u n l i k e l y  
g i v e n  t h e  l i m i t e d  number o f  t h e  u n i t s  i n  
t h e  s y s t e m :  i n  f a c t ,  2500 a t  t h e  most 
c o v e r  t h e  e n t i r e  s p e c t r u m  of t h e  u t r i -  
c u l u 3  and t h e  s a c c u l u s  maculae .  Of - 
t h e s e  much l e s s  a r e  p u r e  s t a t o r e c e p t o r s .  
I f  t h e  f i n d i n g s  i n  t h i s  p a p e r  a r e  s t a t i -  
s t i c a l l y  s i g n i f i c a n t  84 /393  s t a t o r e c e p -  
t o r s  have  b e e n  f o u n d ,  namely ,  a l i t t l e  
l e s s  t h a n  2 0 % ;  i n  a b s o l u t e  number = 500 .  
As e a c h  u n i t  r e s p o n d s  w i t h i n  a v e r y  l i m -  
i t e d  r a n g e ,  d i f f e r e n t  from t h e  o t h e r s ,  
a v e r a g i n g  seems i m p o s s i b l e  t o  c o v e r  t h e  
360- s o l i d  a n g l e .  C o n s i d e r i n g  t h e  long-  
e s t  i n t e r v a l  a t  any g i v e n  t ime ( F i g .  1 C A )  
c o n t i n u o u s  c r o s s - c o r r e l a t i o n  between 
u n i t s  w i t h  o v e r l a p p i n g  f i e l d  might  b e  an 
a d e q u a t e  c o d i n g  ;ystem. 
on t h i s  a s s u m p t i o n  t h e  c h a r a c t e r s  o f  t h e  
s i n g l e  s t a t o r e c e p t o r  r e s p o n s e  a p p e a r  
c l e a r l y .  Whatever  t h e  k i n d  o f  s t i m u l a -  
t i o n ,  l i n e a r  a c c e l e r a t i o n  or v i b r a t i o n ,  
r h e  p a t t e r n  o f  r e s p o n s e  i s  a f n n c t i o n  
n o t  o n l y  o f  t h e  i n t e n s i t y  and of t h e  
s p e e d  of  t h e  s t i m u l u s ,  b u t  dlso o f  t h e  
p r e c e d i n g  e v e n t s .  I f  by c o n v e n t i o n ,  a c -  
c e l e r a t i o n  i s  t h e  e f f e c t i v e  s t i m u l u s  and 
d e c e l e r a t i o n  t h e  d e c r e a s e  o f  t h e  s t i m u -  
l u s  (or an a c c e l e r a t i o n  o p p o s i t e  i n  d i -  
r e c t i o n  t o  t h e  e x c i t a t o r y  one)  a d e f i n -  
i t e  p a t t e r n  o f  f a s t  f i r i n g  f o l l o w e d  or 
p r e c e d e d  by a p a u s e  ( a  l o n g  i n t e r v a l ,  a 
s u p p r e s s i o n  o f  f i r i n g )  w i l l  be  t h e  r e -  
s u l t s  o f  t h e  s u c c e s s i o n  o f  a c c e l e r a t i o n  
and d e c e l e r a t i o n  or v i c e  v e r s a .  T h i s  
p a t t e r n  i s  p a r t i c u l a r l y  e v i d e n t  d u r i n g  a 
v i b r a t o r y  s t i m u l u s  i n  &ich a s e r i e s  o f  
waves can  be  i n t e r p r e t e d  a s  o s e r i e s  of  
a c c e l e r a t i o n  + d e c e l e r a t i o n  + a c c e l e r a -  
t i o n ,  o c c . ,  w i t h  t h e  r e s u l t i n g  b u r s t s  
of  f i r i n g  f o l l o w e d  and p r e c e d e d  by a 
long  i n t e r v a l  ( p a u s e ) .  The r a t e  of  f i r -  
i n g ,  t h e  number o f  s p i k e s  i n  t h e  b u r s t  
and t h e  l e n g t h  o f  t h e  p a u s e  a r e  a func- 
t i o n  o f  t h e  a c c e l e r a t i o n  and d e c e l e r a -  
€ i o n  i n t e n s i t y  and s p e e d ,  t h e r e f o r e ,  of  
t h e  f r e q u e n c y  of t h e  v i b r a t i o n .  
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V i b r a t o r y  p l u s  l i n e a r  a c c e l e r a t i o n  r e s u l t  
i n  a complex r e s p o n s e  p a t t e r n  i n  which 
t h e  two comp o r e n t s  a r e  r e c o g n i z a b 1 e ; t h e  
i m p o r t a n c e  o f  t h i s  f i n d i n g  i s  t h a t  t h i s  
i n t e r a c t i o n  i s  t h e  most  p h y s i o l o g i c a l  one, 
a s  t h e  h e a d  i s  t h e  s i t e  o f  p e r i o d i c  v i b -  
r a t i o n s  d u e  t o  t h e  h e a r t  b e a t  [ F i g .  l j .  
T h i s  p r o o i e m  i s  f u l l y  d i s c u s s e d  e l s e w n e r e  
( G u a l t i e r o t t i ,  1 9 6 7 ) .  Lowens te in  (1955)  
was t h e  f i r s t  t o  i n d i c a t e  t h a t  o t o l i t h  
c e l l s  were a b l e  t o  r e s p o n d  t o  v i b r a t i o n .  
De Vries  (1956)  f u l l y  p r o v e d  t h e  p o s s i -  
b i l i t y  of  t h i s  by t h e o r e t i c a l  a n a l y s i s  o f  
t h e  m e c h a n i c s  o f  t h e  o t o l i t h .  Very r e -  
c e n t l y  L e v i t a n  e t  a l  (1967)  r e p o r t e d  t h a t  
i n  t h e  ca t  s i n g m a t o r e c e p t o r s  were 
a b l e  t o  f o l l o w  c l o s e l y  p e n d u l a r  o s c i l l a -  
t i o n .  T h e i r  e x p e r i m e n t a l  r o u t i n e  w a s .  
h o v e v e r .  l i m i t e d  t o  a r a t e  o f  30 cycleslmin-  
u t e  and  t h i s  v a l u e  was t o o  low t o  d e t e r -  
mine  t h e  dynamic  l i m i t a t i o n  o f  t h e  s y -  
stem. D e  Vr i e s  p u t  i t  a t  or a r o u n d  500 /  
s e c .  In t h e  p r e s e n t  e x p e r i m e n t ,  t h e  l i m -  
i t a t i o n  seems t o  b e  l i n k e d  t o  t h e  m i n i -  
mum i n t e r v a l  v a l u e .  C o n s i s t e n t l y  t h e  
s t a t o r e c e p t o r s  were a b l e  t o  f o l l o w  f r e -  
q u e n c i e s  up t o  t h e  r e c i p r o c a l  o f  t h e  min-  
imum i n t e r v a l .  A f t e r  t h a t  t h e  r e s p o n s e  
became s a l t u a r y .  
The minimum i n t e r v a l  v a l u e  s u g g e s t s  an  
i n t e r e s t i n g  p r o b l e m .  I t  i s  much more 
t h a n  t h e  r e f r a c t o r y  p e r i o d ;  i n  f a c t ,  i t  
i s  q u i t e  l o n g  i n  r e s p e c t  t o  any known 
p h y s i c a l  p a r a m e t e r  o f  t h e  s y s t e m .  A s  t h e  
f i r i n g  i s  p r e s u m a b l y  due t o  a d . c .  g e n e r -  
a t o r  p o t e n t i a l  d e p o l a r i z i n g  t h e  i n i t i a l  
p a r t  o f  t h e  a x o n ,  a n d / o r  t o  a c h e m i c a l  
t r a n s m i t t e r .  t h e  i c t e r s c t i o n  m i g h t  b e  i n -  
t e r p r e t e d  i n  two ways; e i t h e r  i n  a q u a n -  
tum i n c r e a s e  o f  t h e  t r a n s m i t t e r  s u b s t a n c e ,  
t h e  minimum i n t e r v a l  due t o  t h e  quantum 
v a l u e  a t  t h e  j u n c t i o n  ( L o w e n s t e i n ,  1967)  
o r  t o  a d e p o l a r i z a t i o n  due t o  an e l e c t r i -  
c a l  c u r r e n t  f l o w i n g  a t  t h e  c e n t r a l  axon 
s i t e .  An a n a l y s i s  o f  t h i s  mechanism h a s  
b e e n  made by  F u o r t e s  a(1962)  i n  t h e  
e c c e n t r i c  c e l l s  o f  t h e  l i m u l u s ,  u s i n g  a 
d e p o l a r i  z a t i o n  s t e p  c u r r e n t .  In t h i s  
case even  t h e  f i r a t  i n t e r v a l  i n  t h e  s u b -  
s t a i n e d  f i r i n g  r e c o r d e d  i s  l o n g e r  t h a n  
t h e  r e f r a c t o r y  p e r i o d .  L a t e r  i n t e r v a l s  
are e v e n  l o n g e r .  T h e i r  i n c l u s i o n  i s  
t h a t  r e p e t i t i v e  f i r i n g  i s  b o t h  c o n t r o l -  
l e d  b y  t h e  a f t e r - e f f e c t  o f  f i r i n g  ( r e -  
f r a c t o r y  p e r i o d )  and t h e  d e p r e s s a n t  e f -  
f e c t  o f  s u b s t a i n e d  s t i m u l i  (accommoda- 
t i o n ) .  The same c o n c l u s i o n  m i g h t  e x p l a i n  
t h e  r e l a t i v e l y  l a r g e  minimum i n t e r v a l  
h e r e .  I f  t h i s  i s  t h e  c a s e ,  i t  i s  under -  
s t a n d a b l e  t h a t  t h e  minimum i n t e r v a l  i s  
t h e  l i m i t i n g  f a c t o r  o f  t h e  f r e q u e n c y  r e -  
s p o n s e :  i t  i s  much more l i m i t i n g  t h a n  
t h e  p u r e  dynamic  o f  t h e  m e c h a n i c a l  s y -  
stem a n d ,  t h e r e f o r e ,  t h e  n e r v o u s  f a c t o r  
is t h e  p r e d o m i n a n t  one  i n  t h i s  r e s p e c t .  
Two l a s t  p o i n t s  have  t o  be ment ioned  
h e r e ,  a l t h o u g h  t h e y  a r e  f u l l y  d i s c u s s e d  
e l s e w h e r e  ( G u a l t i e r o t t i ,  1 9 6 8 ) .  C o n t r a -  
r y  t o  t h e  c l a s s i c a l  r e s u l t s  o f  Lowen- 
s t e i n  and R o b e r t s  ( 1 9 5 0 ) ,  1 )  no s t a t o r e -  
c e p t o r  h a s  b e e n  found w i t h  t h e  f u l l  
r a n g e  o f  + 1 2, and 2 )  the s t i n u l u s  r e s -  
p o n s e  r a t i o  is d e f i n i t e l y  n o t  a l i n e a r  
f u n c t i o n  o f  t h e  s i n e  o f  t h e  t i l t i n g  an-  
g l e .  I t  i s  a l o g  f u n c t i o n  i n  t h e  con-  
t i n u o u s  s low t i l t ;  i t  i s  a complex wave 
w i t h  a h i g h  i n i t i a l  peak  i n  a f a s t  t i l t  
and  i t  i s  a r a t h e r  complex wave approach-  
i n g  an 5 s h a p e d  c u r v e  i n  a s t a t i o n a r y  
s t a t e .  T h i s ,  by t h e  way, c o n t r a d i c t s  
an e a r l y  f i n d i n g  o f  t h i s  work a s  t h e  an-  
a l y s i s  o f  f e w  d a t a  seemed t o  i n d i c a t e  a 
l o g  s t i m u l u s  r e s p o n s e  r a t i o  even a t  a 
s t e a d y  s t a t e .  The r e a s o n  f o r  t h i s  d i v e r -  
gence  of  r e s u l t  a r e ,  a s  a l r e a d y  s a i d ,  
d i s c u s s e d  e x t e n s i v e l y  e l s e w h e r e  b u t  i t  
is w o r t h w h i l e  m e n t i o n i n g  h e r e  t h a t :  i t  
i s  i m p o r t a n t  t o  d e f i n e  t h e  f i e l d  of t h e  
u n i t ;  t h e  r e s p o n s e  i s  d i f f e r e n t  i n  t h e  
c e n t e r  o f  t h e  f i e l d  t h a n  a t  t h e  e d g e s ;  
i n  t h e  c e n t e r  t h e  s e n s i t i v i t y  i s  maxi-  
mal and t h e  r a n g e  minimal  and a c l e a r  
non l i n e a r  s t i m u l u s / r e s p o n s e  f u n c t i o n  
is d e m o n s t r a t e d  when t h e  s t i m u l a t i o n  
r a n g e s  from t h r e s h o l d  t o  s a t u r a t i o n .  A t  
t h e  edges  a g o s i t i o n  e x i s t s  i n  which t h e  
u n i t  f o l l o w s  'the b e h a v i o r  r e p o r t e d  by 
Lowens te in  and R o b e r t s  (19501; a l a r g e  
d e c r e a s e  o f  s e n s i t i v i t y  c o r r e s p o n d s  t o  
a w i d e r  r a n g e ,  even  above 1 2, and 
t h e  s t i m u l u s  r e s p o n s e  r a t i o ,  b e i n g  o n l y  
a segment  o f  t h e  t o t a l  c u r v e ,  might  a p -  
p e a r ,  u n t r u l y ,  a s  a l i n e a r  f u n c t i o n .  
SUMMARY 
1) V e s t i b u l a r  s t a t o r e c e p t o r s  in t h e  b u l l  
f r o g  p a r t i a l l y  p a r a l y z e d  a r e  i d e n t i f i e d  
by r e c o r d i n g  t h e  s p i k e  t r a i n  d a t a  f rom 
t h e  c o r r e s p o n d i n g  p r i m a r y  n e u r o n s  t h r o u g h  
c h r o n i c a l l y  i m p l a n t e d  n e u t r a l  buoyancy 
t u n g s t e n  m i c r o e l e c t r o d e s :  a s t a t i o n a r y  
r e s p o n s e ,  d i f f e r e n t  f o r  t h e  d i f f e r e n t  
p o s i t i o n s  o f  t h e  h e a d ,  a f t e r  a p r e l i m i -  
n a r y  u c c o m p l e t e  a d a p t a t i o n ,  i s  c o n s i d -  
e r e d  t h e  main i n d e o f  a t r u e  s t a t o r e -  
c e p t o r .  
2 )  R e s t i n g  a c t i v i t y  and r e s p o n s e s  t o  l i n -  
e a r  and v i b r a t o r y  a c c e l e r a t i o n  a r e  a n a l -  
y z e d  by c o m p u t e r ;  i n t e r s p i k e  i n t e r v a l  
h i s t o g r a m ,  changes  o f  i n t e r v a l s  v a l u e  
p a r a l l e l  t o  or a s  a f u n c t i o n  o f  t h e  ap-  
p l i e d  a c c e l e r a t i o n .  a u t o c o r r e l a t i o n  and 
t r e n d  a n a l y s i s  a r e  p e r f o r m e d .  
3)  8 4  s t a t o r e c e p t o r s ,  o v e r  394 non semi- 
c i r c u l a r  c a n a l  u n i t s  have  b e e n  s t u d i e d :  
o f  t h e s e  20 f o r  more t h a n  10 h o u r s  and  
11 f o r  more t h a n  48 h o u r s .  
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4 )  A h i g h l y  i r r e g u l a r  r e s t i n g  d i s c h a r g e  
was r e c o r d e d  i n a l l  c a s e s :  i n t r i n s i c  a n d  
e x t r i n s i c  c a u s e s  o f  t h i s  i r r e g u l a r i t y  a r e  
d i s c u s s e d :  t h e  v a r i a b l e  a c t i v i t y  i s  n o t  
c o n s i d e r e d  a w h i t e  n o i s e  b u t  a s i g n i f i -  
c a n t  b a s e  l i n e  a c t i v i t y .  T h i s  a c t i v i t y  
became  s t a t i o n a r y  1 - 2  h o u r s  a f t e r  t h e  
e l e c t r o d e  i m p l a n t a t i o n :  b u r s t  o f  f a s t  a c -  
t i v i t y  i n  t h e  r e s t i n g  d i s c h a r g e  d e c r e a s e s  
i n  q u a n t i t y  w i t h i n  t h i s  p e r i o d  b u t  c a n -  
no t  f u l l y  b e  e x p l a i n e d  as d u e  t o  p u r e l y  
i r r i t a t i v e  f a c t o r ,  a l t h o u g h  i t  i s  m a i n -  
t a i n e d  i n  some r e c e p t o r s  o n l y .  
5 )  D u r i n g  s t i m u l a t i o n ,  t h e  p a r a m e t e r s  
c h a n g i n g  s i g n i f i c a n t l y  a r e  t h e  m e a n ,  t h e  
p e r c e n t a g e  of  i n t e r v a l s  i n  t h e  mode o f  
t h e  i n t e r s p i k e  i n t e r v a l s  h i s t o g r a m  a n d  
t h e  l o n g e s t  i n t e r v a l :  o w i n g  t o  t h e  t i m e  
f a c t o r  t h e  f i r s t  t w o  e l e m e n t s  are  n o t  
c o n s i d e r e d  r e l e v a n t  f o r  t h e  s e n s o r y  c o d -  
i n g .  
6 )  S t a t o r e c e p  t o r s  r e s p o n d  b o t h  t o  l i n -  
ear  a n d  v i b r a t o r y  a c c e l e r a t i o n ;  t h e  l i m -  
i t i n g  f a c t o r  o f  t h e  f r e q u e n c y  r e s p o n s e  
of  t h e  r e c e p t o r  a p p e a r s  t o  b e  t h e  m i n i -  
mum i n t e r v a l :  t h i s  i s  c o n s i d e r a b l y  l o n g -  
er  t h a n  t h e  r e f r a c t o r y  p e r i o d .  
7)  A p o s i t i v e  s t i m u l u s  d u e  t o  a smoo th  
c o n t i n u o u s  t i l t  showed  a l o g  s t i m u l u s  r e -  
s p o n s e  r a t i o :  s t e a d y  s t a t e  s t i m u l a t i o n  
owed t o  d i f f e r e n t  p o s i t i o n i n g  o f  t h e  h e a d  
r e s u l t s  i n  a complex  b u t  a l w d y s  lion l i n -  
e a r  s t i m u i u s  r e s p o n s e  f u n c t i o n ,  a q u i c k  
S C i l . r l E S  - A l . Y .  p r e v e k e o  o v e r s n o c f x n g .  
6 )  A d e c e l e r a t i o n  a f t e r  a s t i m u l u s  r e -  
s u l t s  i n  a s u p p r e s s i o n  o f  d i s c h a r g ?  p r o -  
p o r t i o n a l  t o  t h e  s p e e d  o f  t h e  d e c e i e r a -  
t i o n :  d u r i n g  r e s t i n g  d i s c h a r g e  a d e c e l -  
e r a t i o n  i n d u c e s ,  l f  q u i c k  e n o u g h ,  a s u p -  
p r e s s i o n  o f  f i r i n g :  i f  t h e  d e c e l e r a t i o n  
i s  s l o w e r  n o  c h a n g e  i s  o b s e r v e d .  
9 )  A v i b r a t o r y  s t i m u l u s  is a n a l y z e d  b y  
t h e  s t a t o r e c e p t o r  a s  a s e q u e n c e  of a c -  
c e l e r a t i o n  and  d e c e l e r a t i o n :  b u r s t  o f  
q u i c k  f i r i n g  i s  f o l l o w e d  a n d  p r e c e d e d  by  
l o n g  i n t e r v a l s .  
1 0 )  V a r i a t i o n  + l i n e a r  a c c e ! e r a t i o n  p r o -  
v o k e s  a c o m b i n e d  r e s p o n s e  w i t h  t h e  c h a r -  
a c t e r s  d e s c r i b e d  a b o v e :  t h e  o v e r a l l  e n -  
v e l o p e  o f  t h e  r e s p o n s e  b e i n g  p r o p o r t i o n -  
a l  t o  t h e  l i n e a r  s t i m u l u s .  S u d d e n  b u r s t  
o f  f i r i n g  a n d  p a u s e s  a r e  r e c o r d e d  c o i n -  
c i d e n t  w i t h  t h e  v i b r a t i o n :  t h e s e  re -  
r e s u l t s  a r e  d i s c u s s e d  t a k i n g  i n  a c c o u n t  
t h e  p h y s i o l o g i c a l  s i t u a t i o n  o f  t h e  h e a d :  
t h e  p o s i t i o n i n g  c o r r e s p o n d s  t o  a l i n e a r  
g r a v i t a t i o n a l  componen t  s u p e r i m p o s e d  by 
v i b r a t i o n ,  m a i n l y  d u e  t o  t h e  h e a r t  b e a t .  
111 T h e  n o n  l i n e a r  s t i m u l u s  r e s p o n s e  ra- 
t i o .  c o n t r a s t i n g  w i t h  t h e  f i n d i n g  o f  
o t h e r  a u t h o r s  , i s  d i s c u s s e d  t a k i n g  i n  
a c c o u n t  t h e  f i e l d  o f  t h e  u n i t :  i n  t h e  
s a m e  way i t  i s  e x p l a i n e d  why n o  s t a t o r e -  
c e p t o r  h a s  b e e n  f o u n d  c o v e r i n g  t h e  e n -  
t i r e  2 1 g e a r t h  g r a v i t a t i o n a l  f i e l d ,  a t  
l e a s t  i n  t h e  a r e a  of  t h e  f i e l d  s h o w i n g  
max ima l  s e n s i t i v i t y  . 
1 2 )  As a c o n c l u s i o n  t h e  s e n s o r y  c o d i n g  
o f  t h e  s t a t o r e c e p t o r s  i s  i n d i c a t e d  as a 
cross c o r r e l a t i o n  a n a l y s i s  o f  t 'he a c t i -  
v i t y  o f  o v e r l a p p i n g  s t a t o r e c e p t o r s ,  p e r -  
f o r m e d  by  t h e  c e n t r a l  a n a l y z e r s .  
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. UNIDIRECTIONAL RESPONSE OF STATORECEPTORS TO 
VIBRATION. A MEAN FUR ARTIFICIAL 
CRAVITY IN SPACE FLIGHT 
Torquato GUALTIEROTTI 
Abstract 
_ _  
Recently Russian and American a s t ronau t s  r e p o r t s  seem t o  ind ica t e  t h a t  ve- 
s t i b u l a r  d i s tu rbances  do take  place dur ing  extended periods of  weightlessness.  
Previous experiments had shown t h a t  approaching a s t a t e  of  0 g i n  pa rabo l i c  
f l i g h t s  a s i g n i f i c a n t  a l t e r a t i o n  o f  t h e  v e s t i b u l a r  s i n g l e  u n i t  output is ob- 
served. A s  an inc rease  or' spontaneous a c t i v i t y  is observed the  t o n i c  inf luence  
o f  t he  ves t ibu le  is maintained and even increased i n  0 g. The v e s t i b u l a r  d i -  
s turbances  might be due t o  the  d i s r u p t i o n  o f  t h e  learned p a t t e r n  i n  the  u t r i cu -  
lar  maculae depending upon anatomical d i s t r i b u t i o n  of  t h e  s i n g l e  h a i r  c e l l s  i n  
respec t  t o  t h e  1 g cons tan t .  The l ack  of  t h i s  re fe rence  poin t  is bound t o  pro- 
voke an a l t e r e d  func t ion .  
S t a to recep to r s  respond t o  v ib ra to ry  a c c e l e r a t i o n - i n  a given plan only ,  typ i -  
c a l  o f  each receptor .  T h i s  happens phys io logica l ly  fo l lowing  the  head periodic- 
a l  v ib ra t ions  due t o  t h e  hea r t  bea t .  T h i s  i nc reases  t h e  accuracy of response 
o f  t he  s i n g l e  u n i t s  and overcomes adapta t ion .  As t h e  s t a t o r e c e p t o r s  respond fu l -  
l y  t o  8 few n i l l i  g of v ib ra t ion  i t  is suggested t h a t  an equiva len t  TO an  art i-  
f i c i a l  g r a v i t y  might be obtained through a s m a l l  v i b r a t o r  rtpplyiing the  appro- 
p r i a t e  ;%bratory s t imulus  t o  the aatronzirt  head i n  one d i r n c t i o n  mly. %us i; 
re ference  point i s  r i p r i s t i n a t e d .  
1 I In t roduc t ion  
The b io log ica l  s ign i f i cance  of  g r a v i t y  may be f u r t h e r  i nves t i3a t ed  i n  r e l a t -  
i o n  w i t h  space f l i g h t .  I n  f a c t  t he  main change produced by f r e e  f a l l  condi t ions  
both i n  o r b i t s  and du r ing  f l i g h t s  toward p l ane t s  is t h e  disappearance of t h e  
g r a v i t a t i o n a l  p u l l  as a cons tan t  environmental f a c t o r .  It is  however uncorrec t  
t o  cons ider  t he  l ack  o f  gravit jr  e f f e c t  as the  equiva len t  T6 a dea f fe ren ta t ion  
of  t h e  v e s t i b u l a r  organ; i n  f a c t ,  o f  t h e  t h r e e  components of  t h e  ves t ibu le ,  t he  
semic i r cu le r  cana ls ,  w h i c h  a r e  i n e r t i a l  accelarometers,  do no t  change t h e i r  fun- 
c t i o n a l  c h a r a c t e r i s t i c s ,  as they respond t o  a change of  t he  r o t a t i o n a l  speed of 
t h e  head i r r e s p e c t i v e  t o  t h e  l i n e a r  acce le ra t ion  applied (Ref. 4 ) .  Although 
some recent  r e s u l t s  seem to show otherwise (Ref. 2 )  and t h e  changes o f  a c t i v i t y  
of d i f f e r e n t  p a r t s  o f  t h e  ves t ibu le  might in f luence  the  semic i r cu la r  cana ls  
(Ref.10), t h e  l ack  of g rav i ty  should not  b a s i c a l l y  a l t e r  t h e  func t ioning  of  the  
organ. The receptors  of  t he  sacculus ,  which respond t o  v i b r a t i o n  onb- ,  shoEld 
not  be a f f ec t ed  e s s e n t i a l l y ;  i n  f a c t ,  as it w i l l  be shown here,  the  response to 
v ib ra t ion  is not d i f f e r e n t  at d i f f e r e n t  g r a v i t a t i o n a l  l e v e l s .  The only recep4- 
o r s  t h a t  a r o  d i r e c t l y  involved i n  t h e  change of t h e  g rav i ty  envirorment a r e  the  
s t a to recep to r s .  A s t a t o r e c e p t o r  can be i d e n t i f i e d  by i ts  response t o  a s teady  
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pos i t ion  of t h e  head  or t o  a s t eady  l i n e a r  acce le ra t ion  w i t h  a s t a t i o n a r y  re- 
sponse af ter  eventua l  adap ta t ion  (fig. 1 ) .  Therefore t o  each pos i t i on  o f  t he  
head, a t y p i c a l  a c t i v i t y  l e v e l  w i l l  be shown record ing  from t h e  s t a t o r e c e p t o r s  
Fig. 1 - Analysis of a sus t a ined  
diacharge of a s t imula ted  gravi-  
t i m e  the  end of  t h e  tilt. The 
head maintains the  acquired posi- 
t i on :  no te  a very p a r t i a l  adapta- 
t i o n  at +,he  beginning. S t a t iona ry  
s t a t e  is observed f r o m  300 sec- 
onds of  record ing  on. On t h e  ab- 10 
s c i s s a :  d u r a t i o n  o f  d i scharge  i n  10 
seconds. On t h e  o rd ina te :  i n t e r -  
v a l s  i n  msec. Each w i n t  is obtain- 
ed averagir.g 100 msec o f  d i scharge .  
which are i n  range (Ref. 8) .  An o v e r a l l  response of  t h e  organ, as r e s u l t i n g  
from t h e  s e c t o r i a l  a n a l v s i s  o f  each u n i t  w i i l  cover head-posit ioning i n  t h e  en- 
t i r e  360° 
g r a v i t a t i o n a l  component i n  the  d i r e c t i o n  o f  t h e  func t iona l  a x i s ,  namely para l -  
l e l  t o  t h e  s t a t o c o n i a  lziver. The maximum of  such stimulus w i l l  obvio7isl.y he ob- 
ta ined  when t h e  func t iona l  a x i s  is coincident wi th  the  v e r t i c a l .  T h e  st imuluu 
* r i l l  ke "9" st 9O0 from t h e  v e r t i c a l ,  l'n between these  two pos i t i ons  fbe  stimu- 
l u s  w i l l  be propor t iona l  t o  the  s i n e  o f  t he  angle  included. In  the  i n t a c t  an i -  
mal no s t a t o r e c e p t o r  covers t he  e n t i r e  90° angle (Ref. 5 and 6 )  m d  pout a r e  
l imj ted  t o  about 1/5 of  such angle.  The ove ra l l  coverage o f  t he  e n t i r e  range is  
assured by t h e  d i f f e r e n t  func t iona l  d i r e c t i o n s  o f  t h e  r ecep to r s .  Consequently 
t h e  r e l evan t  i n f o m a t i o n  r e s u l t  from two cons tan ts :  t h e  1 g e a r t h  g r a v i t y  and 
t h e  pos i t i on  of  the  s t a t o r e c e p t o r s  i n  respec t  t o  t h e  v e r t i c a l .  A multichannel 
pa t t e rn  r e s u l t s  from each Dosition of  t he  head (Ref. 1). Every s i t u a t i o n  in -  
volving t h e  maintenance o f  equi l ibr ium,  l i k e  walking, cyc l ing ,  e t c . ,  r equ i r e s  
a process of  l ea rn ing  based on such pa t t e rn .  It is  obvious t h e t h e  lack  of the  
g rav i ty  cons tan t  w i l l  d i s r u p t  t h i s  organized base o f  jnformation. Tn e f f e c t  i t  
Can be assumed t h a t  t h e  absence of  such recognizable pa t t e rn  is the  r e a l  c r j t i -  
cal a l t e r a t i o n  of the  organ i n  f r e e  F a l l  as t h e  Dattern i t s e l f  r e s u l t s  from the  
absolu te  dimension cf t h e  g r a v i t y  pu l l ing  force  and from i t s  cons tan t  d j r e c t i o n .  
The l a t t e r  w i l l  be the  element miss ing  i n  f r e e  f a l l ,  as var ious  acce le ra to ry  
s t imu l i  w i l l  be applied t o  the  r ecep to r s  fo l lowinc  any movement, a c t i v e  o r  pas- 
sive, of  t h e  head. Voreover pe r iod ica l  s t imu la t ion  r e s u l t s  from the  acce le ra t -  
i n g  s t i m u l i  due t o  hea r t  beat (Ref. 6 and 8).  Tn t h i s  case however the  d i r ec -  
t i o n s  and t h e  i n t e n s i t y  o f  t h e  acce l e ra t ion  v e c t o r  var ies .  Nan, as shown by scu- 
badivers and aquanauts, has proved t o  be highly adaptable t o  the  lack of  expec t -  
ed information from a l l  g rav i ty  r ecep to r s  (musclp, j o i n t s ,  e t c . )  except % h e  
ones o f  t h e  i n n e r  ea r .  Only free f a l l  involves t h e  s t a t o r e c e p t o r s  of  t he  i n n e r  
e a r  t oge the r  with a l l  t h e  o the r s .  Resu l t s  from o r b i t a l  f l i g h t s ,  al though not  
y e t  conclus ive ,  seem t o  i n d j c a t e  t h a t  adjustment is mors d i f f i c u l t .  Consequent- 
l y  i t  is  still q u i t e  Dossible t h a t ,  f o r  e x t e n d e u p a c e  f l i g h t ,  some s o r t  of ar- 
t i f i c i a l  s u b s t i t u t e  f o r  g rav i ty  w i l l  be necessary.  T t  is oroposed here t h a t  t he  
ready resvonse of t h e  s t a t o r e c e p t o r s  t o  v ib ra t ion  i n  t h e i r  naprow angle of re- 
cep t ion  might be used for supplying an e f f e c t  equiva len t  t o  a r t i f i c i a l  g rav i ty .  
A preliminary i n v e s t i g a t i o n  on s t a to recep to r s  resoonse t o  vi bra t ion  h a s  alrea- 
dr been repor ted  (Ref. 8). COnSeauently f u r t h e r  i nves t i ea t jons  have been cafii- 
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ed out  involving t h e  behaviour of a l l  three ves t ibu la r  components ( u t r i c u l a r  
a ta toreceptors ,  semicircular canals,  sacculus).  The r e s u l t s  showed t h a t  s t a to -  
receptors respond readily t o  high frequency vibrat ion,  i n  the appropriate pla- 
ne. T h i s  appear t o  be i n  contrast  w i t h  some da ta  i n  l i t e r a t u r e .  Lowenstein End 
Roberts (Ref. 3 )  i n  extensive study on the vibratory response of t h e  i s 0 l a t -  
ed labyrinth of the elasmobranch reported t h a t  t r ue  s ta toreceptors  did not re- 
spond t o  vibrat ion,  t h e  s ens i t i ve  elements being only the proper vibroreceptors 
of the sacculus and of t h e  u t r i cu lus .  As however i n  the o t o l i t h  system i n  f i s h -  
es t h e  otoconia consis t  i n  a s ina l e  large stone,  whereas from anpiibians up, 
thousands of minute c r y s t a l s  are found, it is possible t h a t  the  lack of vtbra- 
t o ry  responses at high frequency be due t o  t h e  large mass of the s ing le  o t o l i t h  
body. 
2. Technique 
Through chronically implanted microelectrodes (Ref. 9 )  r e s t i n g  discharges 
and responses t o  t i l t i n g  and vibration have been recorded from the primary neu- 
rons of the i n t a c t  bul l f rog following a tochniq\ie already described (Ref. 8). 
Data analysis  Here also perfonned according t o  the said technique. Units belong- 
i n g  t o  d i f f e r e n t  systems ( u t r i c u l a r  saccular  maculae, semicircular canal cri- 
stae) w e r e  i den t i f i ed  from t h e i r  t yp icz l  response t o  t h e i r  appropriate stimulus. 
No attempt has been made t o  i den t i fy  t h e  u n i t s  ana+tomically. Therefore t h e  abwe 
c l a s s i f i c a t i o n  is  not s t r i c t l y  accurate as f o r  instance s ta toreceptors  e x i s t  i n .  
*.he sacculus an& i n  t h e  lagenae. 
3.  Results 
The e f f e c t  of vibratior., ranging f rom 2/sec t o  600/sec, on a l l  three compo- 
nents of t h e  vestibu1.o has beer. Btuhied, namely the  statoreceptors  (u t r i cu lus ,  
pe r t  of the sacculuc and lagenae),  the wibroreceptors (2/3 of the sacculus) and 
the u n i t  responding t o  a change o f  ro t a t iona l  speed (semicircular canal):  no re- 
sults are  reported f o r  acoust ic  un i t e ,  O f  the three components only two respond- 
ed readi ly  t o  vibrat ion,  nanely t h e  s ta toreceptom ( f ig .  2A) and the vibrorecep- 
t o r s  ( f ig .  26). Th6 semicircular canal un i t s  do not respond except at in t ens i -  
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i n  f a c t  a number of  tr iggered t r aces  i n  B2 r e s u l t s  i n  a blurred image af the 
(continues next page) 
Fig. 2 - I n t a c t  bullfrog: comparison bet- 
ween the reaponse +.&a standard vibration 
of Ai-2 : a s ta toreceptor ,  B1-2: a semi- 
circular canal u n i t ,  C1,2: a vibrorecep- 
to r .  On le f t  @;, B l ,  C 1 )  f ree  running 
t i m e  base, on right ( A 2 ,  %, C2) the time 
base is  triggered bjr the f i r s t  soike. The 
tno t r aces  on topp correspond respective- 
l y  t o  acceleration on t h e  x (upper t r a c e )  
and on the y [lower t r ace  ) axis.  The third 
trace on the bottom: act ion potent ia l  re- 
coded  from sinkln f i b e r s  of t h e  vestibu- 
lar  nerve through chronically implanted 
electrodes.  T h e  units were iden t i f i ed  
from t h e i r  typical  response t o  qravj tg  
comwnent, t o  change o f  ro t a t iona l  sDeed 
i n  t h e  appropriate plane and t o  vibrat-  
ion [st% t ex t ) .  No response is shown from 
the semicircular canal t o  vibrat ion ( B j ;  
( cont .ed ) 
the  vibrat ional  s t imuli  as no co r re l a t ion  e x i s t s  w i t h  t h e  spike d i s t r ihu t ion .  
On the contrary,  both for the s ta toreceptors  ( A 2 )  and t h e  vibroreceptors 
synchronization of the accelerat ion t r aces  shows nearly perfect correlat ion bet- 
ween t h e  spike volley and the place of t h e  acceleratoxy stimulus. T h i s  is a l so  
evident i n  A1, i n  w h i c h  t h e  responses fa l l  always a t  t h e  same point o f  t h e  vi- 
brat ion wave orof i le .  However, the s t a to recep to r  is more d i r e c t l y  re la ted with 
a p a r t  o f  the descending branch of t h e  vibration nave w h i l e  t h e  vibroreceptor 
responds t o  a mom widespmad p a r t  of  the same curve. A l l  c a l ib ra t ions  i n  the 
figure. 
- .- 
ties which  a r e  at least t en  times tho threshold f o r  t h e  two o the r  comDonents of 
t h e  vestibule and even then very i r regular ly .  T h e r e  is however a s ign i f i can t  
difference. between t h e  vibroreceptors reswnse and t h s  one from statoreceptors:  
while i n  the l a t t e r  case the response is limited r a the r  d t r i c t l y  t o  a constant 
given pa r t  of the accelerat ion curve ( f i g .  2A),  the vibroreceptors respond t o  
a much l a r g e r  part  of the curve, both i n  t h e  ascending and descending branch 
(fig.  2C). T h i s  is understandable a s  the vibroreceptors having the kinocilium 
i n  the middle o f  the s t e r e o c i l i a  do not have an asymmetrical polarization. The 
opposjte is the case or" the s ta toreceptors  i n  whjch t h e  kinocilium is on one 
side.  The saccular  vibroreceptors therefore respond t o  v ib r s t ion  i n  all d i rec t -  
ion while t h e  s ta toreceptors  are exci ted by v ib ra t ionwi th in  the angle of re- 
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Fig. 3 - Tntact bullfrog: 
stat o re ce pto rs res  pond i ng 
t o  vibration on the y ax- 
i o  ( A S )  and not on t h e  
x axis (Bl. Calibrations 
i n  t h e  f igure.  
ception f o r  l i n e a r  acceleration only (f ig .  3 ) .  The 
vibroreceptors are not affected by l i nea r  accelera- 
t i on ;  i n  f i e .  4 the same s s p o n s e  is provoked by 
t h e  same stimulus a t  d i f f e ren t  t i l t i n g  anele ,  i.e. 
at d i f f e r e n t  values of the g rav i t a t iona l  compcnent. 
In  a s t a to recep ta r  the vibratory and l i n e a r  accele- 
ra t ion combine giving a summated rssponss ( f ig .  5). 
The s ta toreceptors  seem t o  have a resonance fre-  
quency at w h i c h  t h e i r  threshold i s  much lower; t h e  
Fig. 4 - Tntact bullfrog. Response o f  a vi- 
broreceptor (sacculus) t o  a standard vibra- 
t i o n  a t  horizontal  l eve l  (A = 0 g )  and at 
a tilt corresponding t o  0.3 g (a). Ae shown 
no difference ex i s t s  between the response i n  
t h e  t w o  conditions. Alt ca l ib ra t ions  i n  the 
f igure.  
- 
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Fig. 5 - I n t a c t  bullfrog. Sta- 
toreceptor:  A-C without, B-D 
w i t h  vibratory stimulus at reso- 
nance frequency. As shown, t h e  
added vibrat ion summate w i t h  
the stimulus r e su l t i ng  by tilt- 
i n g  while t h e  general pat tern 
of  the response t o  the gravita- 
t i ona l  component does not chan- 
ge s ign i f i can t ly  . Acceleration 
i n  the x axis only i s  shown, i n  
the upper t r a c e  at higher gain, 
AC' ,  t o  show vibrat ion;  i n  t h e  
lower t r ace  at lower gain t o  
show the g rav i t a t iona l  compo- 
nent (on the  ordinate i n  m i l l i  
@;IO Spike amplitude calibration 
i n  t h e  f igure.  
resonance frequency is d i f f e ren t  for d i f f e r e n t  receptors: the f i r s t  inelcat ion 
of approaching the resonance condition 13 given by a s h i f t  of the spike respm- 
se toward the onset of  t h e  exci ta tory branch of  t h e  accelerat ion wave 8s  t h r e -  
shold decreases ( f ig .  6). Only minor differences are  s h ~ w n  i n  the general pat- 
t e r n  of the response o f  the s ta toreoeptor  t o  a change of -the g rav i t a t iona l  
component, as through t i l t i n g ,  when a vibratory stimulus is  added ( f i g .  5).  
The increase of frequency w i t h  the increase of gravity and the temporary sup- 
presston provoked by a decrease of the l i n e a r  acceloration s t inu lus  is s t i l l  
present w i t h  t h e  name COUTSSP~ Tho o n l j  difference is t h a t  a somewhat smaller 
Fig. 6 - I n t a c t  bullfrog. Statoreoeptor 
responding t o  vibrat ion on the y axis. 
A $ chanie i n  the frequency of the vi- 
bratory stimulus ( B )  shows a s h i f t  of the 
correlat ion between spike and the vibra- 
tory wave. As resonance frequency approa- 
ches, a lowered threshold .bWrresponds t o  
a lower value o f  the e f f ec t ive  accelesa- 
t i o n  in t ens i ty .  
1198 
ridaptation is shown. T h i s  however is  hardly s ign i f i can t  i n  t r u e  s ta toreceptors  
aa, 88 sa id  aboV8, t h e y  adapt very l i t t l e  a n y w a y  (fig. 7 and 8). 
Fig, 7 - I n t a c t  bullfrog, 
Statoreceptor  response t o  
t i l t i n g :  the correspondilg 
y ana x accelerat ion cur- 
ves are shorn. Another 
t r ace  shows t h e  x accele- 
r a t ion  in AC, w i t h  higher 
gain t o  ohow s ib ra t ion .  
The bottom t r a m  corre- 
spends t o  the conseoutim 
interspike in t e rva le  mea- 
sured as the dis tance be- 
tween the baeeline and 
each peak. No vibrat ion is  applied here except a t  the fa:% -pight end of  t h e  re- 
cord (marked by arrows). As shown adaptation i s  only very .Limited, a recogni- 
zable l eve l  o f  a c t i v i t y  anarks the maintained t i l t i n g  posit ion.  A s t a t iona ry  
response corresponds t o  a steady stimulus. Calibrations i n  the figure.  T m e  
marker 1 sec. * 
L 
Fig. 8 - Same preparation and 
experimental roufine , the only 
d i f f e x n c e  being ‘that e. c,er?ti- 
nuous suprathreshold (20G/sec) 
vibration i s  superiuposed on 
the g rav i t a t ione l  component. 
Vibration s tops  at arrow. As 
shown, w h i l e  a lower mean in- 
t e rva l  corresponds t o  the 
highest steady s t a t e  gravita- 
t i ona l  st imulus,  the general 
pattern of r%Epanse t o  gravi ty  
remains t h e  sane, w i t h  a l i m i -  
ted adaptation a t  the onset of  
the steady stimulation and the 
rebound increase of t h e  inter-rals  value during and a f t e r  back tilt. 
4. Conclusions. A vibratory stimulus is exci ta tory t o  s ta toreceptors  of zhe 
inner  ear i n  t h e i r  l imited receptor angle only and 
rections. It does not a f f e c t  the seceptors of the semicircular canal belou in- 
t e n s i t i e s  which are  supramaximal for the two other  kinds o f  vesti’vilar u n i t s .  
Statoreceptors continuously stimulated by a vibratory stimulus respond normally 
t o  an added l i n e a r  acceleratior.  w i t h  a combined response j u s t  as, on e a r t h ,  ac- 
celeratory s t imuli  of any kind and durat ion a re  added t o  the g rav i t a t iona l  con- 
ponent f o r  t h a t  pa r t i cu la r  receptor i n  t h a t  pa r t i cu la r  posit ion.  The main fac- 
t o r  here is t h a t  t h e  s ta toreceptor  i o  p o l a r i z e w h  i t e  response t o  a vibrat ion 
i n  L; given plane just a s  i t  is polarized f o r  l i n e a r  s cc i l e r a t ion  i n  t h e t  same 
Plane. I n  t h e  opening sec t ion  of t h i s  paper i t  was indicated t h a t  the main bio- 
vibroreceptora i n  a l l  di-  
E@DING PAGE 
ion -zector w i l l  r e s u l t ,  as a subst:tutn For the one assured by gravi ty  on 
e a r t h .  
l y  the output of s ingle  s ta toreceptors  of the inner  e a r  i n  two bullfrogs as 
t h e i r  labyrinth is very similar t o  the human one. The possible chanees i n  the 
r e s t ing  discharge and jn the response &o a test centriDetal  acceleration w i l l  
be studied. The same general  techniaue might be used in  a followed up experi- 
ment, applying t o  the Dackage r i b r a t i o n  i n  given constant plane a t  appropria- 
t e  i n t e n s i t y  and frequency t o  acquire supporting evidence f o r  the hypothesis 
above described: i f  t h i s  holds t rue  an engineering sobi t ion of  t h e  technical  
problem involved w i l l  he stlaiied. 
A t  present a. space Pxperimont is  scheiuled (Ref. 7) f o r  recording d i r ec t -  
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Reprint E 
T. GUALTIEROTTI, M.D. and D. S .  AZ.LTGCKER, M A .  
The vestibular apparatus IS especiafly affected by the accelera- 
tory changes from niuiti-"G" profiles to wcight!esness during 
plane and space flight. Recording the poss output of the VI11 
nerve is not significant as liffererit sensory systems are repre- 
sented there. Single unit recording, allow a good quantitative 
analysis especially it several receptors are studied >imultaneously 
for an extended time. The main technical problems involved con- 
sist of withstanding high acceleration and vibration and main- 
taining the continua1 response of the unit for a period of 2 to 
3 days. Thir first problem hw been solved by utilizing floating 
micro-electrodes of !he same density of the nerve tissue and bv 
keeping the animal submerged in water. Frogs are ised, and 
their survival while submerged under space conditions has been 
insured by a speciallv designed life support system. Maintaining 
the continual response of the units depends on the input current 
of the high impedance preamp connected a i t h  the microelec- 
trode. As chronic implantation does not allow adjustment a spe- 
cial preamp has been deve!oped. 
HE GRAWTOCEFTORS of the vestibular appara- 
Ttus are subjected to a peculiar situation among the 
sensory organs: their dekelopinent takes place under a 
constant 1 G stimulation which is present before they 
differentiate and which is maintained throughout the 
life span. 
Fmm the NASA, Ames Rere.mil Center, hloffett Field, Cal. 
jet flight and space flight and the future missions on 
planets with different gravitational constants, have sud- 
denly changed this situation. It will be of interest to 
study how sensors long adapted to a constant environ- 
ment will respond when the environment is radicaily 
changed. 
The vestibular activity and responses are best moni- 
tored by recording from the VI11 ne=. This eliminates 
both the possible alteration of the delicate sensory 
organ resulting from a direct surgicai inter",ention and 
the complications of an indirect approach through asso- 
ciated systems, as is the case when recording from the 
vestibular nuclei or studying nystagmus and the oculo- 
gravitic illusion. 
Recording from the entire nerve, however, does not 
provide useful information. Fibers belonging to four 
different systems are represented in the nerve, namely: 
the otolith (gravity), the semicircular canals (angular 
acceleration /, units responding to vibration, and audio- 
receptors. I n  each system the single units composing 
it show discrete responses to discrete stimuli. As &e 
information carried in the nerve IS a modulation of the 
time intervals between consecutive impulses (Figure I) 
in all four systems, and there is no indexing of each 
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activity, the overall output is helplessly confused. It is 
therefore necessary to record impulses from a single 
unit of a selected system only: in the present case, a 
single otolith unit. By studying thc hasic activity and 
the responses to stimulation of a large enough number 
of such units for a prolonged time, the general picture 
of the organ's whole activity can be understood. 
Even with such a simplified approach, the investiga- 
tion of basic and evoked activitv during changes of the 
fundamental 1 G constant, involves hvo large classes of 
problems: technical problems and interpretation prob- 
lems. 
Technical problems. Starting with the 1 G constant, 
the investigation of the behavior of a single gravito- 
ceptor must be extended down to 0 G (weightlessness) 
and up to several Gs. Parabolic jet flights supply the 
entire range from 0 to 2-3 G ,  but only for very brief 
periods: approximately 20 seconds of weightlessness and 
transients of 1.5 to 3 G at the onset and end of the 
Fig. I. Curarized frog. Spontanecus firing and responses to 
tilling of two different otolith uniD (AB and CD) recorded from 
the corresponding hbers in the veshbular nerve. Note irregular- 
ity in the rate of discharge and the overall hrcrease of frequency 
during tilting [onset of tilting arrowed). 
TOP reeords: output of the accelerometers in the three direc- 
tions of space. Time and accelerometer calibration in the figure. 
G17*ooo f t  b 2.59 
Fig. 2. Profile of a paraboIic flight. The values of the accelera- 
tion in the different part\ of the parabola arc shown. 1.5 G is 
recorded immediately before the onset of the parabola foliolied 
by 20 seconds of 0 C .  A pmod of high acceleration (2.5 C) 
marks the exit from the parabolic path. 
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parabola (Figure 2). Space flight provides extended 
periods of weightlessness and a prolonged high accel- 
eration and vibration period during takeoff and maneu- 
vering. 
The main technical problem here is to maintain the 
Lapabilitv of recording from single nerve fibers through- 
out the high acceleration and vibration of the takeoff 
and for at  least 2-3 days during the space flight. This 
problem has been solved by using a microelectrode of 
special design, having the same density as the tissue, 
and by allowing it to float, thus avoiding standing waves 
(Figures 3 and 4).  Also the submersion at the animal 
in water minimizes the impact during violent move- 
ments. Details of the microelectrode technique have 
been reported elsewhere.?.'.' 
To facilitate the submersion of the animal, frogs are 
used on the asumption that no fundamental difference 
in the function of the otolith systems exists in amphi- 
bians and mammals.b As known, frogs have two respir- 
atory systems: very siniplified lungs for air breathing 
and the entire skin for gas exchange under water. Most 
frogs do not have gills and the skin respiration is not 
very efficient. Krogh,' working with Rnna esculentu, re- 
ported that oxygen consumption undei water was about 
half that in air, and GO, release three times as much. 
In the present experiments, using buil frogs (Rana cates- 
hrinwj, no attempt has been made to deteimine the 
metabolism of the animal, but a number of survival 
tests proved that the frog can be maintained submerged 
in water in good health for up lo  six days at 13°C with 
normal PO, ( 155 mmHg), or at 23"Cat PO, 500 mmHg. 
Jumping, swimming, the righting reflex and posture 
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Fig. 3. The dimemions of the microelectrode and the high 
impcdance predmpiifier used for clironic recording from the 
singh vestibular nerve fiber in the frog are shown. The pre- 
amplifier is directly attached to the jaw of thc animal. 
Y 
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tests proved that there was no significant change because 
of submersion. In the Same conditions, direct recording 
of a single otolith unit was possiblc for six days, showing 
no significant alteration in the sense organ. 
The metabolic rate was particularly low in these ani- 
mals as they were nearly completely paralyzed, by 
cutting the principal motor nerves. The glossopharingeal 
nerve was also cut to avoici swallowing. In this way the 
animal could not perform any movement that woilld 
displace the electrode and add unknown stimuli to the 
labyrinth. 
In the conditions described aliove, microelectrcde 
recording from single VI11 nerve fibers was possible 
during high acceleration and vibration (Figure 5 ) .  
Accordicgly, a life support system has been built for 
a space experiment, capable of both assuring the sur- 
vival of two fully instrumented and paralyzed hull frogs 
for up to six days and applying an acceleratory stlmulus 
of fixed parameters to the otolith unit involved (Figure 
6). As shown, it consist$ of a centrifuge, filled up with 
water; the water circulates through a lung where 0, and 
CO, are exchanged through layers of silicon rubber, 
according to the respective concentration gradient, and 
GO, is absorbed by haraline. Temperature is controlled 
by an evaporator system, and the output from two oto- 
liths per frog and the EKG are conveyed to a relemetry 
system. Temperature and pressure are monitored. The 
six-day recording from single VIII nerve fibers from one 
otolith organ was performed with this package. 
A less sophisticated package, based on the mne prin- 
cipte, has been used succsssfully in 25 jet plane flights, 
during the entire period from takeoff to touchdown and 
I 
the nervous system and the vestibu1.u newe are prc5entrd in tlie 
proper place. A fully developed cochlea is ~ l s o  shadowed in, 
although it doesn't exlst as Such in :he frog, to show the 
equivalence to the mafnmal's vetihule. Note the posllion of 
the microelectrode in the vestibulllr (VIII) nrrve, in the branch 
corresponding to the utricle-saccade system. 
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Fig. 5. Otolith unit. Action potential recorded from the cor- 
responding fiber in the ves th la r  newe during a 55 per sec 
vibration test. The animal (bullfrog) was previously partlafly 
paralyzed by cutting all the branches of the brachial and lumbar 
plexus. The vestibular nerve was expmed through a hole 
trephined in the palate, the microelectrode unplanted according 
to the technique described 111 the text. The roof of the mouth 
was then reconstructed with drntal cement. This was mamtained 
solidly in place through two metal structures screwed in the 
bone at  the two sides of the hole and inciuded in the cement 
itself. As a result the artracial cavity in the bone was completely 
closed and water-tight. T t e  animal was then placed in the 
cylinder fined up with water in which it fioated. Its head was 
however firmly tixed to the endcap of the container by means 
of a nylon head clamp. The container was then attached to a 
shkker providing vibrations of various frequennes and inten- 
sities. Upper record. output from the accelerometer indicating 
the vibrator) acceleration ss J linear deflection (downwards, 
calibration in the figure). Lower record. activn potential from 
the vestibular nerve A rpontaneoub firing of the unit previous 
to the test, D spontaneous fir1i.g of the unit immediately after 
the test B and C vibration of increasing intensit-< reaching snore 
than 5 G at the end ot C on right. The La5e h e  shows some 
osciliation eqecialiy in B but no srgnlfcant p!tcration of the 
recording eapahility of thc elcctrode. Notc that the extremely 
high stimulation provokes occasional double firing of the unit 
(C, extreme nght). At this point the firing becomes svnchronous 
with the osclllation. Immediately after the test the vestibular 
activity appears to be normal. 
4 
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during 12-14 parabolic paths for each flight. 
Interpretation problems. The main mechanism of the 
information transfer from the gravltoceptors to the 
higher levels consists in the modulation of the time in- 
terval between successive impulses, as a function of the 
acceleration applied. However, as shown for other sense 
organs, both in basic conditions without any stimulus 
and during excitation, the rate of firing is so irregular 
(Figures 1 and 7 )  that a simple change in frequcncy 
cannot be taken as the relevant information. A central 
analyzer could never determine whether a short inter- 
val is due to a given excitation, as such intervals are 
present izi  every condition. 
This problem has been discussed el~ewhere.~ The 
conclusion is that the relevant information is conveyed 
by the progressive disappearance of the longest inter- 
vals as a function of the increasing stimulus, as shown 
in Figures 7 and 8. If we consider the envelope of the 
2-dimensional figure (solid line in Figure 8), a logarith- 
mic stimulushesponse ratio results. The central ana- 
-+- 
TO SPACECRAFT 
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CARBONDlOXlOE ABSORBER 
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EVAPORATOR WATER SUPPLY 
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IrlERMOSlATlC VALVL 
SPACE VACUUM 
Fig. 6. Scheinatic of the life supporting system for T(S)4 
orbital expenment. 
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Fig. 7. Computer analysis of a discharge of the vestibular 
nerve fiber corresponding to a single otolith unit. The continuou5 
line indicates the output in C of the .qpropriate accelerometer 
(ordinate on left) The di\tance lietween the 0 line and carh 
Mack dot expresses the time Intcwa! m millisecondr between 
consecutive pulses (ordinate on right j Note the dhappearance 
of the longest inten-als during excitation. Note also how a de- 
on is accompanied by an increase in the interval 
value. 
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Fig. 8. Computer analysis of the disharge of the vestibular 
nerve fiber corresponding to a single otolith unit as a function 
of the applied ercltatoi y stimulu. On the dbsclssa: acceleratmn 
in G. On the ordinate. time intervals in milliseconds measured 
as in Figure 7. At 0.025 G (threshold for this unit) the longest 
intervals progressively disappear. Sdturatioii IS reached at 0.L G. 
Note the large variability at both zero and maximum stimulation. 
GRAVITY, 
irnv [ 
0.59 [ *-* - 
Fig. 9. Otolith unit response to linear aceeieration in a Kep- 
lerian path. Chronically implanted electrode. Curarized frog. Re- 
cording from a single vestibular nerve fiber during parabolic 
flight. First recording (top): vcstlbular mpulres. Servnd, thud 
and fourth tracings the vertical, 1ongitudin.il and lateral acceler- 
ations, respectively A period of 25 beconds of weightlessnes5 is 
shown by a downward deflechon of the A-2 recording (vertlcal 
acceleration) Appropriate $timulation for wstibuhr unit con- 
SIS& of a po\itiw acceleration m A-X direction onlv. & shown. 
stimulation has hecn applied twice during levcl flight at 1 G and 
during the 25 beconcis of wr~ightlessnc~s Frequency response of 
unit Appear; to be nornid during leiel flight and 1s greatly m- 
creased during first 10 seconds of wciglitles\ne~s After this penod 
A sudden rrduction of the rate of firing 15 obsened. As soon as 
level flight i s  resumed, normal responrr is again shown by umt. 
Spontaneous hring shows a inuch higher frequency during weight- 
lessness than at 1 G. 
'if 
I I I I I I  
0 10 20 30 413 50 
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Fig. 10. Computer anilysis of a response of an otolith unit 
similar to that shown in Figure 9. The is performed with 
the $.me technique as in Figure 8 and the profile of the response 
iorrespndr to the do:ied line connecting the longest intervals 
nt every d u e  or aceebrahon. As shown, It follows the accelera- 
tion changes quite closely, except during the weightlesrnesb penxi 
in v.hich suppression takes placc. The two coiitmuous lines COI- 
relpond to the gravity changes and to the hori7ontai acceleration 
>abies as shown on the ord.nates on right. 
lyzers average the response of a number of such units, 
obtaining both precisioit and speed in processing the 
rekr.int informatior.. 
D.ita obtained from the airplane flights have been 
analyzed in this way. Otoiith units responding to two 
types of stimulus have been studied: ( I )  stimulus of 
acceleration other than vertical, and (2)  stimulation 
due to altered gravity states. In the first case the stimu- 
lation was provided by the iccreasc or decrease oi plane 
speed. The resulting !inrar acceleration Pr deceleiation 
was applied I d 1  during !mcl flight (1 G )  and in 
weightlessness. The stimulation due to weightiessrwss 
was provided by chmges of eravitational pull Jurine 
fiight in a parabolic path. 
The results upheld the Weber-Fechner law in that 
sensitivity increase2 during 'u eightlessness whea there 
was no basic stimulation of the organ. However a Fe- 
cruliar suppressory effect upon the response to arcelera- 
tion (Figures 9 and IO), was shown in weightlessness. 
The rate of firing was blocked at a certain fixed value 
with no further response to contiwed acceleration 
stimulus. In a unit responding to vertical stirnulation 
zero gravity produced zero excitation, and a low rate of 
firing was to be expected (Figures 11 ,rad 12). 
Such results are in accordance with other authors' 
data. Sala,7*8 showed that the stimulation ol the con- 
tralateral vestibular nuclei produced spikes in the vesti- 
bular nerve which disappeared with a medial cut and 
demonstrated. that the spontaneous activity of thc vesti- 
bular nervs decreased. The author concluded that this 
was due to the efferent sjstem through which the vesti- 
bnlar receptors might be directly controlled. Slmilar 
conclusions were reached by Fluur E i  hlendei,' who 
indicated that the efferent system is mainly inhibitory. 
The suppressory effect damps the influx of impulses 
during altered conditions. I: might be due cither to 
weightlessness or to the transients from high to ]OW 
accelcration. A new series of airplane Rights will pro- 
vide 0 G for 10 seconds during a dive with added thrust 
of the engine. 1x1 this case the transient will be limited 
FROG DURING FLIGHT--GUALTIEROTTI h ALLTUCKER 
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Fig. 11. Same as Figure IO ercept For the fact that the otolith 
unit responds directly to the gravxty changes. Accordingly, the 
intervals are modu:strd following the gravitational variation,. 
with the maximum values during the 0 G period. 
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Fig 12. Same unit as sl~own in Figure 11, analyzed with the 
same method, imnie:!iately after exit from the Kepleriaii path and 
during a prulougwl period of lcvcl &ght at 1 G. The nccrvrl 
vaiue diatrlbution 1s norniai as on the ground. 
to the f G to 0 C, rscge. I'~csu!ts x?cm to indicate that 
the suppressory effect is transitory and is a 
nierhanism of habituation to +he new con 
p1:inned three-dav space flight 13 the mission 
wit1 answer many such questions. 
REFERENCES 
1 FLWH, E ,  and MEPIDEL, I, : Habituahon, Efference and 
Vesribular Interplay. Acta Oto-L,argng., 56.521-522, 
1963. 
2. G U A L ~ ~ E U ~ ,  T ,  2nd G~RATFEWUK., S I.: Spontaneous 
Firing and Hesponses to Linear AcceIezat7on of Single 
Otolth Units of the Frog During Short Perrids of X I  right- 
lesness During Parabolic Fhght. NASA W-77:221-229. 
Jan 1965. 
3. GuALTvuorn, T , and ALLTUCKER, D. S.: The Relationship 
Between thc CImt Activity of the Utricle-snccub of the 
Frog and Infomtion Transfer. NASA SP-115 143-143, 
3x3. :9€5. 
4. GKJ~LTILBWII, T. and BAILEY, P . Chronic Microelectrode> 
for Prolonged Recording From Single Units In prepara- 
tior.. 
5. ~ R ~ X H ,  A,. On the Cutaiieoua and PUhondry 
of the Frog. Skandinav Arch. j .  P h y s m l ,  
1W4 
J PluJswl, 86.117-116, I¶% 
a Scguito Della Stlniolazione d 
Elfererite. 60U. Soc. Ztul Bid SI, 
8. SALA, 0.: The Efferent Ves:ihuhar 
l o g i d  Research. Ada Oto-Luryng., Suppi 197.1-34, 
i s 5  
517 
6 Ross, D A .  Electrical Studies on the Frog's Labynnth. 
7. SALA, 0.: Mod1fic2zo111 Dell'Attiuiti delNervo Vest~bolare 
Aeroqmee Medicine May, 1967 
4 
